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ABSTRACT

In order to better know the high temperature metallurgical state of a low-
carbon chromium-rich cobalt-based superalloy strengthened by carbides
of chromium and tantalum, aswell asto test athermodynamic modelization
tool for such ranges of temperature and of aloy’s chemical composition,
two types of experimentswere done. First an exposure of aselected aloy at
high temperature was done and finished by a water-quenching allowing
characterizing its high temperature microstructure. Second thermodynamic
calculations were performed for comparison with the experiments.
Quialitatively the agreement was rather good (the initial microstructure of
the alloy and its partially molten state at 1300°C were both predicted and
observed). But mismatches appear in the quantitative field, for example
concerning the volume or mass fractions of liquid at the temperature of
test. However the metallurgical data obtained for the studied aloy at very
high temperature by respect to its melting range, as well as the
transformations of the microstructure during quenching, are of good interest.
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INTRODUCTION

Cobalt-based superalloys, the most often elabo-
rated by casting (and eventually thereafter plasticaly
deformed to obtain wrought versions), represent an
important family of hightemperaturedloysY, evenif y/
v’ nickel-based alloys —notably in their single-crystal
versions— are better placed among the most efficient
superdloysfor very high temperature applicationg??.
If some of them are{ solid solution} — strengthened,
most of cobalt-based superalloys are reinforced by
carbides. Theseonesmay appear at theend of solidifi-

cation (primary carbides) and/or they may be obtained
by specia heat-treatment (secondary carbides). The
first ones, which precipitateat theend of solidification
inmost cases, often form aeutectic compound with the
matrix, thisleadingto alowering of themelting point of
theadloys. Dueto that, the concerned superalloysare
not so refractory asthe{ eutectic carbides} - free ones
and they are more threatened by apossible partial fu-
sionin caseof too high working temperature. To better
know therisksof such problem of partid fusion, which
can beextremdy detrimental for thehigh temperature
mechanica propertiesaswell asfor the hightempera:
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ture oxidation behaviour“¥, thermodynamic moddling
may be of agood help to anticipate what may occur at
high temperature, carbide degeneration or appearance
of liquid.

Thepurposeof thepresent work is, inthisfirst part,
testing athermodynamic modelling tool inthecaseof a
low carbondloy beforeusing it to expertisesomepieces
made of similar low carbon cobalt aloy and having
obvioudy suffered partid fusonin serviceand thentoo
early ruinthan expected. Thethermodynamic prevision
tool tested here is the Thermo-Calc software and a
database supposed to be ableto predict themetal lurgi-
cd statesat higher temperature of austenitic nicke-sta-
bilized chromium-rich cobal t-basad dloys containing not
only carbon and tantalum, but a so tungsten, an e ement
participating tothe{ solid solution} — strengthening but
aso being possibly involvedin thechemical composi-
tion of chromium carbidesif any.

EXPERIMENTAL DETAILS

Thecobalt-based super alloy selected for thiswork

Thesuperalloy chosenfor thisfirgt part of thework
(chemica compostiongivenin TABLE 1) wasprepared
asaliquidaloy (about 20 kg) melted from puremetas
and ferrodloysinavacuum - inerted induction furnace,
andthereafter pouredinasand mould. After totd (dow)
solidification, thealoys, characterized by arather coarse
microstructure, underwent athermal treatment com-
posed of afirgt high temperature stage (the solutionning
one) long enoughto dlow both chemica homogeniza-
tion for themicrostructura coarseness, and second a
preci pitation stagedl owing the precipitation of finesec-
ondary carbidesinthematrix to enhancethecreepre-

TABLE 1: Targeted chemical composition for thealloy un-
der study (in wt.%).

Co Ni Cr C
Bal. 8.5 29 0.4

Ta W
3.0 5.8

sistance by obstructing thedid ocations’ movements.

Exposures of the alloy to high temperature and
metallographic preparation

A part of about 1 cm?involumewascut in one of
the sampl esobtai ned as described above (efter itsdouble
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(solutioning + precipitation) hest-treatment. The part
wasentered inthehottest zone of amufflefurnace (atmo-
sphere: laboratory air) to be exposed to 1300°C for 5
hours. Thereafter the part of alloy was extracted from
thefurnaceand quickly immersed inwater & room tem-
perature, to freeze the microstructure existing at
1300°C. The part of alloy was thereafter cut, embed-
dedinacold resn mixture (manufacturer ESCIL: resin
CY 230 + hardener HY 956), polished with SiC pa-
persfrom 240to 1200 grit, with final polishing done
using atextiledisk containing 1um alumina particles,
until obtainingamirror-likesurface state.

Microstructur eobservationsand char acterization

The observations of the microstructure supposed
stabilized at 1300°C after the five hours spent at this
very high temperature were done using a JEOL
JSM 7600F Scanning Electron Microscope (SEM) and
their genera or loca chemica compositionsweremee-
sured using itsEnergy Dispersion Spectrometry (EDS)
device. The sameapparatuswas a so used for thepin-
point measurementsof thechemical composition of the
metrix.

The micrographswerethereafter worked usingthe
Photoshop CSsoftware, first to ddimit thefrozen zones
(liquid zonesexisting at 1300°C and rapidly solidified
withavery finemicrostructure dueto the quenchingin
water). Thecumulated surfacefractionsof the prelimi-
narily delimited frozen zoneswere measured using the
imageanaysistool present in Photoshop.

Thethermodynamic modelling tool evaluated in
thiswork

Thermodynamic cd cul ations destined to be com-
pared to the metallurgical characteristicsof theover-
heated supera oy were performed with the N-version
of the Thermo-Cal ¢ softward®, working withthedata
contained in adatabase built from the SSOL! data-
basedready present intheinitia package. Thisinitia
database contained the descriptions of the Co-Cr-C
system and its sub-systemd®23 aswell assystemsin-
volving thetungsten element (W), and it was necessary
to enrich it with the descriptions of the binary and ter-
nary sub-systemsinvolving thetantalum element: Ta-
C, Co-Ta, Cr-Taand Co-Ta-Cl*#17,

Thecd culationswhichwereperformed aimedto ob-
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tain massfractionsof liquid for thethermodynamic equi-
librium stateat 1300°C, its chemical composition, the
chemical composition of thematrix, inorder to compare
al thesedatato the corresponding measured va ues.

RESULTS

SEM examination of the alloy’s microstructure
beforeexposureto high temperature

Theinitid microdructureof thedloy (just after cast-
ing and solutioning & preci pitation heat-treatment), il-
lustrated in Figure 1, can be described asfollows: this
isadendritic structurewith interdendriti c spaces occu-
pied by either afine eutectic compound involving ma
trix and chromium carbides (of theM,,C_ stoichiom-

Dendritic
matrix

Fine eutectic
{matrix +Cr 8N
carbides}

Coarse
eutectic
{matrix+TaC}
carbides

----- 20.0KV LABE  SEM WD 15. Omn

Figure 1 : The initial microstructure of the alloy (after
solutioning + precipitation heat-treatment).

TaC
carbide
thinned
because
during the
exposure
at 1300°C

Alloy zone ¢
remelted at
1300°C
{then
quickly
solidified
again by
quenching)

Dendritic
matrix
remained
solid at
1300°C

140 20. 0KV

COMPO LM

Figure2: Microstr uccurestaof thealloy (after 5h 0 expo-
sureto 1300°C and water-quenching).
etry), or by acoarser eutectic compound composed of
matrix and “script” tantalum carbides (TaC).

The chemica composition of thisaloy was deter-
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mined by EDS measurements, on several areasran-
domly selected inthemicrostructure and at amagnifi-
cation allowing to stay representative of thewholeal-
loy. Theobtained results, givenin TABLE 2, show that
thewi shed composition was seemingly respected, ex-
cept theexistence of ironwhichwasbrought by theuse
of ferroalloys. By considering in addition that Feis
present with arather low content (compared to cobalt
andnicke, withwhichiron hasasmilar (very low) car-
bide-former power), it wasthus considered that the
measured chemical compositionisvery closetotheone
TABLE 2: Averagechemical composition asobtained from

EDSmeasur ements(four timeson randomly selected areas
of about 840 x 620 pm?); chemical composition of the matrix.

Areas (alloy’s composition)

Main Average Standard Matrix
elements v inpoint
value deviation (pinpoint)

Co Bal. / Bal.

Ni 9.1 +04 9.0

Cr 29.6 +05 29.9

0.4

¢ (targeted content) / /

Ta 34 +04 /

W 6.2 +04 4.8

Fe

88Ta-3Cr-3Co-10 (wt %)
T4Ta-100-8Cr-7Co (at %)

50Cr-335-9Mn-1Co (Wt.%) _
485-440r-TMn-0C0 (&t %)

57Ta-13Ce-3Nd-2Cr-1Co (wt %) _
600-267a-¢ Ce-30r-2Nd-2C0a (at %)

45C0-41Cr-8Ni-2W-2Fe (wt.%)
46Co-~40Cr-Bli-2Vv-2Fe (at %)

77
45C0-34Cr-8Ni-TW-2Fe (wt.%)
47 Co-40Cr-8V-2W-2Fe (al. %)

47Cr-26Co-14W-4T a-3Ni-1Fe {wt %)
B9Cr-20Ca-SWW-4Ni-iTa-1Fe (af. %)

Figure3: Examplesof variousphaseshaving precipitated in
{out of equilibrium} conditionsduring thequenching; chemi-
cal compositionsof someof them asanalyzed by EDS(carbon
excepted).

initialy wished, thelatter oneremaining ableto be used
for thethermodynamic caculations.

SEM examination of thealloy’s microstructure af-
ter exposureto high temperatureand quenching

Themicrostructural state of thealoy frozen from
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1300°C after its exposure for 5 hours at this tempera-
tureisillustrated in Figure 2. The microstructure, still
dendritic of course, hashowever evolved concerning
the natures of itsinterdendritic spaces. The eutectic
compoundsinitially existing here have been replaced
by non-equilibrium solid areas displaying bothamore
compact and rounder morphology and avery fine mi-
crostructure. One can guessthat the very fine micro-
structure zonesresultsfrom the extremely rapid re-so-
lidification of theeutectic zones (whichwerere-melted
sincethey arethelessrefractory onesinthealloy) due
to thequenching operation, the partial melting of these
areas at 1300°C being responsible to the loss of the
initidly e ongated shapes of theseeutecticdomains One
can seea so somewhite particles(TaC carbides) that it
iseasy tointerpret astheresults of amorphology change
of theeutectictantalum carbidesinitidly present witha
rather highinterfacial energy duetotheir “script”-like
shapesdevel oped during thefirst dow solidification. In
fact, someof the{ re-mdted/quickly re-solidified} zones
arerather complex, asillustrated in Figure3inwhich
severd phaseswith variouschemica compositionscan
be present together. Foreign elementsdetectedin EDS

TABLE 3: Metallurgical stateof thealloy at 1300°C accord-
ingto Ther mo-Calc (calculationsperformed fromtheaver -
agechemical composition givenin TABLE 1.

M ass Phase’s composition
Phase ; -

fracion Co Ni Ta Cr W C
FCC ' 5/ 71% 5508 932 084 2913 466 006
matrix

Liquid 45.29% 45.79 886 6.47 30.17 7.95 0.77

(e.g. Ce) possibly camefrom the preliminary treatment
of theliquid metal (Mischmetall for de-oxidizing the
bath).

First thermodynamiccalculations

The presence of twotypesof carbides(M,,.C, and
TaC) inadditionto the{ Co(Ni,Cr,W,C,Ta)} — based
solid solutionin the as-cast then heet-treated dl oy after
thedow cooling (massive pieceand ar-cooling) down
to room temperature was predicted by first thermody-
namic caculations, asillustrated by the phasediagrams
displayed in Figure4. The upper one (A), plotted be-
tween 1400 and 1600 K (and between 1 and 5 wt.%

Ta), isenlarged below (1520 — 1550 K) for better see-

ing the hightemperaturedomains(B):

- Liquidandmatrix (domain2)

- Liquid+Matrix + M_C, carbides (domain 5)

- Liquid+Matrix + TaC carbides (domain 6)

- Liquid+Matrix + M_C, carbides + TaC carbides
(domain?7)

- Liquid+Matrix + M_,C_carbides+ TaC carbides
(domain8)

- Matrix + M_C, carbides+ M, .C_carbides+ TaC
carbides(domain 9)

- Matrix + TaC carbides+ M.C, carbides (domain
3)

- Matrix + TaC carbides+ M., .C, carbides (domain
1)

- Matrix + TaC carbides+ M_C, carbides+ M, .C,
carbides(domain 4)

THERMO-CALC (2012.19.19:16.41) :

1698 1 1 1 1 1 1 1

15808+
15608 F
1548

1528+

— 1508

DOMAINS:
A1#2 M23C6H1

1480

2: LIQUID#1 + FCC_ATH#1

iquid #1 FCC_A1#1 M7C3#1

6: liquidif1 FCC_A1#1 FCC_A1#2

7 liquid#1 FCC_A1#1 FCC_A1#2 M7C3#1

8 liquid#1 FCC_AL#1 FCC_AL#2 M23C6H1 |
A1#2 M23C6H1 M7C3H1

T T T T T T
20 25 38 35 48 45 5@
WEIGHT_FRACTION TA

= 15354

1530

1525

1520 T T T T T T T
A 5 20 25 3@ 35 48 45 SO
WEIGHT _FRACTION TA
Figure4: A— Hightemperaturepart (1400-1600 K) isop-
lethsof thephasediagram computed between 1 and 5wt.% Ta
for abasechemical compostion of Co(bal.)-29Cr-8.5Ni-0.4C-
5.8W; B — enlar ged view of thetop diagram (A).

19 1
E~d
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For 3wt.% Tathesolidificationfollowed by thesolid
state cooling should lead effectively to thetwo types of
carbides: eutectic M_C, thereafter transformed in
M, .C,, and eutectic TaC.

Calculationswerea so performed for determining
thethermodynamic stablestateat 1300°C. At such tem-
perature (about 1573 K) which corresponds to do-
main 2 (Liquid + Matrix) according to the phasedia
grams presented in Figure 3, theall oy should be par-
tialy reemelted, with notably the disappearance of the
two types of eutectic areas (eutectic matrix + M_.C,
and eutectic matrix + TaC), with instead the appear-
ance of aliquid especially richin carbon (C) andin
carbide-former elements(Ta, Cr, W), asshowninthe
last lineof TABLE 3.

Further, according to TABLE 3, the two phases
matrix and liquid would bepresent with Smilar volume
fractions, evenif themassfractioninliquid phaseis
TABLE 4: Theoretical microstructure (number and nature
of theexisting phasesand of their massfractions) just at the
end of solidification of theliquid phase (the composition of
which isassumed to haveremained the sameastheonepre-
sented in TABLE 3 because of the very high cooling rate
(negligiblediffusion).

Solidustemper ature (K/°C)for the 1517.35K /
chemical compo. givenin TABLE 3: 1244.20°C

4 Microstructure of the frozen liquid
zonesjust after solidification, at 1244.20°C {

Phase Mass fraction
Liquid 0%

FCC matrix 87.79%

TaC carbides 6.10%
M,3Cs carbides 6.11%

Chemical composition of the
matrix in the frozen liquid zones
Co Ni Ta Cr w C
51.37 10.09 1.02 29.02 8.44 0.07

dightly lower than the massfraction of matrix. Indeed,
dueto avolumemassdightly higher for matrix thanfor
liquid thetwo massfractionsmay lead to similar vol-
umefractionsthen surfacefractions).

If Thermo-Calcalso alowedto calculatethetheo-
retica massfractionsand chemical compositionsof the
different phases at a given temperature (1300°C in
TABLE 3) if themetal lurgicd state may be considered
closeto thethermodynamic state, it can bea so used to
try interpreting (much lessquantitatively of course) the
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microstructures devel oped during arapid cooling. Cal-
culationswerethus performedfirst for determinethe
solidustemperature corresponding to the experimen-
tally measured chemica composition of thedloy (mea-
sured by EDS: TABLE 2), and second to get an ap-
proached value of massfraction for each solid phase
by supposing that no solid state evol ution wastherestf-
ter possible because of the great cooling rate due to
water quenching. Thisled to theresults presented in
TABLEA4.

Comparison between metallographicresultsand
calculated results

Firgt, themicrographstaken withthe SEM in Back
Scattered Electrons (BSE) mode werere-worked in
order to color inwhitethe zones obvioudy remelted
after 5 hoursat 1300°C then re-solidified with a fine
structure (TaC carbidesfindy mixed with apart of ma-

SEM/BSE
original
micrograph

thresholded
micrograph for
surface fraction
measurement:

7.07surf.% or

‘ vol.% of re-melted
zone

Figure5: Madification of a SEM/BSE micrograph under
Photoshop beforeimageanalysis.
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Figure6: EDS spectrum acquired in afirst {re-melted/re-solidified} zone: 33.2C0-31.5Cr-15.9Ta-9.3W-5.0Ni (+ minor
elements: Fe, S...) in weight percents.
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Figure7: EDSspectrumacquired in a second {re-melted/r e-solidified} zone: 31.2C0-36.6Cr-11.2Ta-10.4W-4.5Ni (+ minor
elements: Fe...) in weight percents.
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trix, other adjacent domains), andto color inblack the
other TaC carbidesobvioudy belongingtothestill solid
part of themicrostructureof thedloy (illustratedin Fig-
ureb).

The surface or volume fraction obtained for the
zones re-melted at 1300°C is equal to 6.22 £1.5 %
(average of threevalues+ standard deviation). Thisis
significantly lower than the volumefractions— which
can betaken asamost equal to themassfractionsin
first approximation (volume masses probably rather
close to one another) — which were previously pre-
dicted by Thermo-Calc.

Second, it was attempted to analyze the chemical
compostionina{ remeted/ire-solidified} zoneby EDS.
Intheoneconsideredin Figure6, it appeared that such
zonemay beespecidly richinchromium, tantalum and
tungsten, this resulting from the re-melting of both
(Cr,W),,C, and TaC carbides with a part of matrix.
Similar resultswerefound in asecond { remelted/re-
solidified} zone (Figure 7) which obviously contains
quantitiesof Cr, W, Tanot far from the previousva ues.
One can notethat the chemical composition of these
two zones are, except tantalum which seems very
present in reality (content equal to the double of the
calculated one), rather closeto theliquid composition
calculated by Thermo-Calc and presented abovein
TABLE3.

Concerning thisca culated composition of thelig-
uid existing at 1300°C (in which features the carbon
content which cannot be analyzed by EDSin thetwo
re-melted and re-solidified zonesconsidered above), it
IS possibleto assess both the solidus temperature of
thissolephaseliquid (thedementsof which cannot have
time enough to diffuse in the matrix during water-
guenching) and the microstructure which may be ob-
tained at thislocal solidustemperature. For thiscom-
position { Co(bal.) — 8.86 Ni— 6.47 Ta—30.17 Cr —
7.95W —0.77 C}, calculations lead to a local solidus
temperature equal to 1244.2°C and, at this tempera-
ture, 0% of liquid, 87.79% of matrix, 6.10% of TaC
carbides and 6.11% of M_,C, carbides (TABLE 4),
whichislogically much morethan thefractionsof car-
bidesinthewholedloy just after itssolidification (T,
alloy = 1252.58°C i.e. 1253°C, 94.57 mass.% of ma-
trix, 2.71 mass.% of TaC and 2.73mass.% of M,,C)),
sincethecarbidesof themicrostructurearelocdizedin

= Fyf] Paper

thesearess.

To finish one can comparethe chemica composi-
tion of thematrix between EDS measurementsand cal-
culations: thereisarather good agreement sincethe
one determined by EDS is (TABLE 2): Co(bal.)-
29.9Cr-9.0Ni-4.8W-0 (not measurable) Taagainst, for
calculations performed for 1300°C: Co(bal.)-29.1Cr
—9.3Ni-4.66W-0.84Ta (for Ta: lower than the EDS
limit of detection).

General commentaries

Thus, quditatively, thethermodynamic cdculations
tool which wastested here gave good resultssincethe
initid microstructurewasfathfully given by cdculations
(matrix + M,,C, carbides+TaC carbides) and thegood
metalurgica sate(matrix +liquid) waseffectivdy found
for 1300°C (with in addition a chemical composition of
matrix in accordance with EDS measurements). Un-
fortunately the (experiments<-> cal culation) agreement
wasworse quantitatively, notably concerning the mass
fraction or volumefraction of liquid at 1300°C. The
mismatch can be explained either by atime maybe not
long enough spent at 1300°C (one can wonder if the
aloy had redlly reached itsthermodynamic stable state
at thistemperature) or by aweaknessof the database
for the high temperature and/or the description of the
semi-molten states. However, initsactud state, thether-
modynamic cal culation tool maybe used for obtaining
first indications concerning the states of low carbon
cobalt-based aloys (of similar compositions) at high
temperature closetotheir melting point. In contrast, all
the experimental observationsdonein thiswork and
concerning themetalurgical behavior of thisalloy are
potentialy interesting for many classical cobat-based
aloysrichinchromium and containing carbon, tanta-
lum and tungsteninusua contents.

CONCLUSIONS

Thelow carbon cobalt-based superalloy studied
here presentsarefractorinesswhichisrather limited
sincesignificantly lower than 1300°C. Even for a so
complex chemical composition thermodynamic calcu-
|ations have shown that apartial melting may occur,
despitethat the mass or volumefractions determined
for thestudied temperaturewere not accurate. Although
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thesefirst results being not very good, the thermody-
namic cal culationtool used herehasprovedthat it can
beof agreat utility inits present state. However some
improvementsarerequired to obtain better predictions.
It will be tested in the case of ahigh-carbon cobalt-
based alloy inthe second part!*® of thiswork, in order
to exploreitsefficiency in case of much high fractions
of carbides.
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