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ABSTRACT

After having controlled the reliability of the thermodynamic modelization
tool in the first part of this work, thermodynamic calculations were here
used again, thistimeto try finding the value of the high temperature known
by a piece made of a cobalt-based superalloy which seemingly partially
melted. For that the chemical compositions of the matrix and of the molten
thenre-solidified areas were measured by Energy Dispersion Spectrometry,
as well as the surface fractions. Thermodynamic calculations performed
fromthe global chemical composition of the whole alloy also controlled by
EDS allowed, by comparison between the calculated results and the
metallographic ones, to assess the temperature at which the alloy was
exposed. A very good agreement was found between the different
temperatures suggested by the fractions of re-solidified molten areas and
of the tantalum carbides having remained solid during H.T. exposure, by
the chemical compositions of the matrix and of the re-solidified molten
areas, with however some exceptions. Thus, the value determined for the
exposure temperature appeared rather reliable, and the thermodynamic
calculation package efficient as an expertise tool for such post-mortem
determination.  © 2013 Trade Sciencelnc. - INDIA
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The cobalt-based superaloysare sometimes used
for hightemperature applications¥, for examplewhere
agood resistance against high temperature corrosion
requiresimportant chromium contentsin not-coated
refractory alloys?, asthiscan bethe casefor some of
the hottest partsin aero-engines possibly in contact
withliquid CMASor for someindustria piecesform-
ing molten glasses®. The cobalt-based superaloysare

usually elaborated by foundry, afirst operation even-
tualy followed by thermo-mechanical workingto ob-
tain forged versionsof the samealloys, and, even if
many cobalt alloysfor high temperaturesonly rein-
forced by solid solution hardening al so exist, most of
them are strengthened by carbides. primary carbides
appeared in the grain boundaries and interdendritic
spaces during the solidification of the alloy, or sec-
ondary dispersed fine carbi des homogeneously pre-
cipitated inthematrix“,
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The presence of carbonin such aloysisknownto
causeasgnificant lowering of ther refractorinesssince,
athough the carbidesformed are efficient reinforcing
particlesalowing maintaining high mechanical proper-
ties at high temperatures, the ones of these carbides
which precipitated at the end of solidification (after the
development of the dendritic network) aregenerally
eutectic carbides, more precisely forming alow-tem-
perature melting eutectic compound with thematrix if
someof thesecarbidesinvolve apart of thechromium
existinginthedloy. Notably, when the carbon content
isclosetotheupper limit of thecontents’ range usually
concerning the carbides-strengthened coba t-based su-
perdloys, theconcerned dloys may bethreatened by a
possiblepartid mdtingif theservicelocd or globd tem-
perature accidentally jumpsto atoo highleve evenfor
ashorttime.

In the present work apiece made of achromium-
rich cast cobalt-based superalloy mechanically rein-
forced both by solid sol ution strengthening (tungsten and
tantalum atoms) and by many chromium-+tungsten car-
bides and tantalum carbides (dueto acarbon content
particularly high: around 1 wt.%C), was heated to a
temperature especidly high during severa hoursbefore
arapid cooling occurred. Effectively themicrostructure
examination of apart of thispieceshowed, after amet-
alographic preparation, severd areashaving seemingly
melted thenrapidly solidified. In order to better know
the hightemperature shortly encountered by thedloy, it
was attempted to use the thermodynamic cal cul ation
package previoudly testedin thefirst part of thiswork!®
which appeared asableto giverather good results con-
cerning the mushy zone of cobalt-based superaloys
containing thesame chemica eements.

EXPERIMENTAL DETAILS

M etallographicpreparation and obser vation of the
over-heated piece made of cobalt-based superal-
loy

A part of about 0.5 cm?® was cut in the { about
20kg} -weighing part of thestudied piece, then embed-
ded inacoldresin mixture (resin CY 230 + hardener
HY 956, from ESCIL), grinded / polished with SIC
papers(grit from 120 to 1200), ultrasonically cleaned
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and thereafter finely polished using atextiledisk en-
riched with 1pum alumina particles. The obtained metal-
lographic samplewith amirror-like surface statewas
observed usingaJEOL JSM7600F Scanning Electron
Microscope (SEM) to be compared to earlier smilar
observationsdoneontheinitia dloy usnganother SEM
(Philips XL30). Thegenerd or local chemica compo-
sitionswere measured using the Energy Dispersion
Spectrometry (EDS) devicewithwhichthe JEOL SEM
wasequipped. Themeasurementsof chemica compo-
gtionswhichwill beperformed are:
- theglobd chemica compostion of thewholedloy
(areasof about 0.2mm?)
- thechemica composition of the matrix (pinpoint
messurement)
- thegloba chemical composition of there-melted/
re-solidified zones (areas of about 1200pum?)

Exploitation of the SEM micrographs by image
analysis

Micrographswereacquiredinthe Back Scattered
Electronsmode (BSE) with the JEOL SEM to beana
lyzed withtheimageandysistool of the Photoshop CS
software. What wereof interest in afirst timewerethe
fractions of domainshaving obvioudy reached amol-
ten state consecutively to the exposureto thevery high
temperatureremaining to value. In order to get these
areasin conditionsallowing surfacefraction measure-
ments(moreprecisaly without interactionswith theother
areasor particlesexisting in the not-melted parts of the
aloy - grey matrix, whitetantalum carbides - athough
that there-solidification of the melted zonesled to a
findy structured poly-phase state displaying thesmilar
grey levels), a“painting” in black under Photoshop was
redlized. Thesurfacefractionswhichwill bemeasured
ae
- thecumulated surfacefractionsof there-melted/

re-solidified areas,

- thecumulated surfacefractionsof the TaC carbides
mixed withthe matrix inthe not-remelted comple-
mentary aress.

Thermodynamic calculations

The cal culated thermodynamic results, which are
supposed to correspond to the previous metdlographic
resultsfor one high temperature remaining to deduce,
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were obtained with the N-version of the Thermo-Calc
software®. The later was used in association with a
database built from the SSOL™ one, which includes
the descriptions of the Co-Cr-C system and its sub-
systemd®13 aswell as systemsinvolving thetungsten
element (W). Todlow representative cal cul ations tak-
ing into account the possible presence of TaC carbides,
the SSOL database was enriched with the descriptions
of thebinary and ternary sub-systemsin which tanta-
lum element ispresent: Ta-C, Co-Ta, Cr-Taand Co-
Ta-Cl1417,

RESULTSAND DISCUSSION

SEM examination of theinitial and over-heated
microstructures

Initialy the microstructure of the piecewas com-
p0$d of (Figurel):

adendritic matrix of cobalt containing apart of eech

of theother elementsin solid solution,

- aicular chromium/tungsten carbidesformingaeu-
tectic compound with matrix issomeinterdendritic
Spaces,

- soript-liketantalum carbides also forming aeutec-
ticwiththematrix in other interdendriticlocations.

Dendritic
matrix

Eutectic {matrix
+Cr carbides}

Eutectic {matrix+TaC
carbldes }

Figure1: Initial microstructure of the aIon (SEM , Back
Scatter ed Electronsmode).

Thenew microstructure of thealoy after exposure
tohightemperatureisillustratedin Figure 2.
Theover-heating has obvioudly led to significant
changes:
- therearecompact or round areas of very fine mi-
crostructure, presenting seemingly thethree phases
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chromium carbides, tantalum carbides and matrix
together,

- thetantalum carbidesare either fragmented into
aligned compact whitecarbides(lossof their initial
script-like shape), or they have become much
coarser than at the origin (phenomenon probably
resulting from the coa escence of many neighbor
carbidestogether).

Dendritic matrix
remained solid at 1300°C

TaC carbide thinned
and/or fragmented
duringthe exposure
at 1300°C

" TaC carbide coarsensd
| coalesced during the
exposure at 1300°C

Alloy zone remelted

at 1300°C

(then quickly salidified

again by guenching

finely structursd Cr

carbides + Ta carbides
+ matrix compound)

Figure2: Mlcrostructureafter guenching from thevery
high temperature (SEM, Back Scatter ed Electronsmode).

Results of the EDS analysis

First theglobal chemical composition of thedloy
was controlled on the over-heated piece. Thisled to
theaverage composition (over fivedifferent randomly
selected areas) presented in TABLE 1. It appearsthat
theinitial chemica compositionwasglobally kept, logi-
cdly without any influence of theover-hegting sincethe
exposurewastoo short to induce catastrophic oxida
tion and then significant impoverishment in the most
oxidabledements.

TABLE 1: Average chemical composition asobtained from
EDSmeasurements(fiverandomly selected ar eas); thecar-
bon content, which cannot be measur ed by EDS, isassumed
toberespected.

Main elements Averagevalue Standard deviation

Co Bal. /

Ni 8.6 +05

Cr 29.7 +05

c 1.0

(targeted content)
Ta 6.5 +0.8
w 6.4 +0.2

Asshownin Figure 3, thematrix presentsa most
the same chemical composition asthewholealloy. It
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containsal nickel, dmost al chromiumand dl tungsten
except the partsof both Cr and W involved inthedark
carbides, but lessthan 1 wt.% of tantalum (because of
anatomicratio Ta/ Clower than 1 thegreatest part of
thetantalum atomsare associated to carbonin thewhite
TaC carbides).

100pn
COMPD  SEM WD 15. fam

Figure3: Chemical composition of thematrix (SEM, Back
Scatter ed Electronsmode).
There-melted/ re-solidified areas present chemica

compositionsseng bly different, asshownin TABLE 2.
Indeed, they arepoorer than matrix in nickel and richer
inchromium and tungsten. At theexposuretemperature
the carbidestill present wereapart of thetantalum car-
bides (they have partialy dissolved, their Taand C at-
omshavingintegrated thematrix insolid solution) while
thechromium & tungsten carbidesweretotally melted
(lessrefractory eutectic). Dueto the too rapid subse-
quent cooling, the Cr and W dementspresentinthelig-
uid phasedid not havetimeto diffusein the neighbor
solid aress, thisresulting in such high concentrations.

TABLE 2: Averagechemical composition asobtained from
EDSmeasurements(fiveareastaken inthere-melted /re-
solidified zones); the carbon content, which cannot be
measured by EDS, isassumed to berespected.

Main elements Averagevalue Standard deviation

Co Bal. /

Ni 5.0 +0.4
Cr 40.6 +1.7
Ta 6.6 +23
W 9.6 + 0.5

Results of the image analysis
Black masksweredectronicdly dravnonthe SEM

micrographsover dl there-melted/ re-solidified zones
in order to clearly separate them from the other parts
of themicrogtructureswhichwerestill solidat hightem-
perature. Thisalso allowed separating thefinewhite
carbides appeared in these re-melted / re-solidified
zonesfromthe TaC carbidesremaining among thestill
solid part of the alloy, this permitting to measurethe
surfacefractions of thelatter ones. Anexampleof such
masksisgiveninFigure4.

Theexploitation of theseespecialy prepared el ec-
tronicimagefilesled to the surfacefractions presented
in TABLE 3. For the re-melted areas the correspond-
ing massfractionswere assumed to becloseto the sur-
faceor volumefractionssincethevolumemassesof the
still solid part and of there-melted/re-solidified part of
the aloy were supposed closeto oneanother. In con-
trast, the corresponding values of massfractionsfor
theTaC carbidesbel onging to the till solid part of the
alloy was cal culated by taking 8.9 g/cm?for both the
still solid part of aloy anditsre-melted/re-solidified
parts, and 14.5 g/cm?for the TaC carbides*®.

TABLE 3: Surfacefractionsof there-melted then re-solidi-
fied areasand of the TaC carbidesbelonging tothestill solid
part (and their cor responding massfractions).

Re-melted / re-solidified zones

Surface fractions from image analysis (surf.%)

average std deviation
16.03 3.74
TaC carbidesin the still solid alloy

Surface fractions from image analysis (surf.%)

average std deviation
2.62 0.54

Corresponding mass fractions (mass.% )

average std deviation
4.19 0.85

The possible values of the temperature of over-
heating

First propositions can bedonefor therea va ue of
the exposuretemperature by searching among thether-
modynamic ca culationsresultsthetemperatureswhich
should lead to the chemica composition of thematrix
asdetermined by EDS measurement. Onecan seein
thefirst graph of Figure5 tha thetemperatureof 1262°C
for whichthecal culated value of Ni content inthema-
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trix isequal to the measured one (9.4 wt.% Ni), and temperaturefor calculation, in disagreement withthe
thetemperatureof 1256°C for which the calculated value  EDSexperimental value (lessthan 1 wt.%Ta) but this
of theW contentinthematrix isalso equa tothemea-  isduetothefact that 1 wt.% isalimit of detection for
sured one (6.0 wt.% W), can be proposed. In con- theEDStechnique. Thereal Tacontent may beclose
trast, the cal culated Ta content seems, whatever the  to 1 wt.%.

i : # Micrograph isolated frem caption by electronic cutting

SEM/BSE original micrograph

thresholded micrograph for surface fraction measurement: " . .
micrograph modified with Photosho
20.81suif.% or vol.% of re-meftad zone gl o 4

S oA » [ o "_.-‘,_}::.‘. 5 . -

thresholded micrograph
for surface fraction
measurement:
2.03surf.% or vol.% of still
solid TaC

-

g &
Figure4: Thesuccessive stepsof micrograph preparation beforeimageanalysis(SEM, Back Scatter ed Electronsmode).
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Additional propositionscan bealso donefor this
red exposuretemperature by searching, usingthermo-
dynamiccdculations, thetemperatureswhichwouldlead
tothevauesof thesurface=volume = massfraction of
remelted/ re-solidified areasand to thesolid-remained
TaC carbidesdetermined by imageandysisonthe SEM
micrographs. Figure6 showsthat 1255°C and 1258°C
well correspond to the surface or massfraction of re-
melted/solidified zone (16 surf.% ~ 16 vol.% ~ 16
mass.%) and to 4.19 mass.% of TaC, respectively. If
theweight contentsin Ni andin Cr werefoundby EDS
inthemolten/frozen zonesasbei ng respectively sgnifi-
cantly lower and higher than what predicted by ther-
modynamic cal culaions, thetantal um and tungsten con-
tentsin these zoneswell correspond to the Thermo-
Calc calculated ones for respectively 1260°C (6.69
wt.%Ta) and 1257°C (9.52wt.% W), as displayed in
Figure7. Theseva ues, which arecond stent dl| together,
giveanaveragevaueof 1258°C.

Evolution of the matrix composition during
the cooling from 1300 C
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the matrix during the cooling from 1300 C
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Figure5: Chemical composition of thematrix at high tem-
perature; identification of thetemper atures corresponding
to the Ni and W contents in matrix determined by EDS
(Thermo-Calc calculations).
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Figure6: Evolution of thenatureand massfractionsof the
different phasespresent ver sustemper atur eabove 1250°C;
identification of thetemperaturescorrespondingtothelLig-
uid and TaC massfractionsin thealloy determined by image
analysis(Thermo-Calc calculations).

1270 1265 1250

General commentaries

Thecobat-based aloy studied herewasstrongly re-
inforced by avery devel oped interdendritic network of
carbides, anongwhich arather highfraction of tantalum
carbidesthat aremorerefractory and stableat hightem-
peraturethan the chromium/tungsten carbides. Thesig-
nificant popul ation of eutectic carbidesof the secondtype
unfortunately decreased therefractoriness of thewhole
alloy and the temperature at which the piece was ex-
posed wasthen higher thanthealoy’s solidus tempera-
turemarked by there-melting of thesecarbidesof chro-
mium and tungsten, with consequently extended areas of
liquid, the surface fractions of which werethusrather
easy tovauebyimageanayss. Incontrast theeutectic
tanta um carbideswere not re-melted but the morphol -
ogy of theTaC wassgnificantly changed (fragmentation,
coa escence, coarsening), another result of severa hours
spent a very hightemperature.

Thistemperature, which can be qualitatively as-
sessed in afirst time as being comprised between the
solidustemperature and theliquidustemperature (which
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can be a so determined by thermodynamic cal culations,
or experimentdly by Differentid Thermad Andysisona
sampleof dloy cut inthepiece), wassuccessfully much
more precisely va ued here by metdlography <> cacu-
lationscomparisonsfor severd criteria: chemica com-
positionsof matrix and of thefrozenliquid, surfacefrac-
tion of thesefrozenliquid zonesand of thenot remelted
TaC carbides.

Evolution of the liquid composition during
the cooling from 1300 C

| 1257 C:9.52 wt.% W |7
Y

-&Co
—-Cr

-
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temperature ( C)

1260

Evolution of the carbon content in the liquid
during the cooling from 1300 C
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Figure7: Evolution of the chemical composition of theliquid
phaseat high temperatur e, identification of thetemper atures
correspondingtotheTaand W weight contentsmeasured by
EDSanalysisinthefrozen liquid (Thermo-Calccalculations).

CONCLUSIONS

Thus, the association of on one hand the metallo-
graphic resultsintermsof phase/compoundsvolume
fractions and chemical compositions, and onthe other
hand the thermodynamic calculations, allowed inthe
case studied in thiswork identifying thetemperature
known by the piece partialy molten because of aheat-
ing up to atemperature higher than the solidusone. The
values obtained by four different waysare consistent,
whichletsthink that thetemperaturefinal ly determined
isreliable. Thisdemonstratesthat thermodynamic cal-
culations, further than aconception tool, can bealso
used asan expertise one, but at the condition of course
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that theused databaseisitsdf sufficiently rdliable, asit
wasprdiminary verifiedinthefirst part of thiswork.
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