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(aBsTRACT )

Three aloys based on Ni-30wt.%Cr and containing carbides were cast and
heated for several hours at targeted temperatures chosen between 1250°C
and 1340°C. Fractions of carbides or molten areas were measured by image
analysis. Comparison between measured carbides fractions and results of
thermodynamic cal culations were consistent for 1250 and 1300°C. For the
highest targeted temperatures mismatches were noticed. Thermodynamic
cal culations performed to reach measured values of carbide fraction allowed
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an accurate determination of the real temperature. Comparison between
metallography and cal culationswere never so good concerning molten areas.
Thermodynamic calculationsare able for determining real temperaturesfor
mushy states but several conditions need to be respected.
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INTRODUCTION

Trangport or industria applicationsinvolving very
hightemperaturescan sometimesleadtolocd hot spots.
Temperatures ashigh as 1250°C or more can belocally
obtained in some placeswhich cannot be accessible
for adirect measurement of temperature. Fortunately,
if thetimeof exposureto heat islong enough, materias
can bevery closeto their thermodynamic equilibrium
and, if coolingisfast enough, the characterization of
their microstructure and following thermodynamic
calculations, may give someindicationsabout thelevel
of temperaturewhich waslocally known by the piece.

Theaim of thiswork isto study this possibility by
performing high temperature exposuresin furnaceon
some alloys, and by examining if the microstructure

changesredly alow deducing thelevel sof temperature.
These aloys were simple ternary nickel-based cast
alloys containing chromium carbides, which are
composed of phaseswhich can beeasily distinguished
from one another and quantified in terms of surface
fractions.

EXPERIMENTAL

Synthesis of the alloys and exposures to high
temperatures

The three studied alloys are all based on nickel
(amost 70wt.%), asmany superdloysdestined to high
temperature applications™. They contain 30 +1 wt.%
of chromium, to achievesufficient res stanceagaing hot
corrosion'?, 0.2, 0.4 or 0.8 wt.% of carbon to obtain
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carbideswhich areamong the possibleparticlesused
for improving creep-resistancel®. They can be
considered assmpleversonsof red industrid carbides-
strengthened nickel -based superdloys.
Thesedloyswere synthesized by foundry, usnga
high frequency induction furnace (CELES), inaninert
atmosphere of 300mbar Ar. Pureelements, nickel and
chromium (AlfaAesar, purity of morethan 99%) and
carbon (graphite), were melted together and thereafter
solidified in a copper crucible cooled by water
circulation. Thethreeobtained ingotswerecut in order
to obtain four amost cubic samples of about 0.25 cm?®
for each aloy. They were exposed to air at high
temperaturein atubular furnace (Carbolite), with the
following operating conditions:
- 15hoursat 1250°C (targeted temperature), then water
guenching, or
- 15hoursat 1300°C (targeted temperature), then water
guenching, or
- 5 hours at 1320°C (targeted temperature), then water
guenching, or
- 5 hours at 1340°C (targeted temperature), then water
quenching.

Microstructure characterization and thermo
dynamiccalculations

Thereafter thetwel ve heat-treated sampleswere
al cut into two equal parts, embedded in cold resin,
ground with SIC paper from 250 to 1200 grit, and
polished with Jum aduminaparticlesin order toobtain
amirror-likesurface tate. Thegenera microstructures
of the mounted samples were examined using a
Scanning Electron Microscope (SEM, PhilipsXL30).
Five micrographs were taken per sample in Back
Scattered Electrons mode (BSE), at several
magnifications (x125 to x500) depending on the
mi crostructure coarseness obtained. Micrographswere
anayzed usingAdobe Photoshopin order to determine
the surface fractions of the different phases seenin
microstructure, by imageanadysis. SomeWavelength
Dispersion Spectrometry (WDS) measurementswere
performed using a Cameca SX100 microprobe to
determinethechemical compositionsin somearessin
microgtructure.

The Thermo-Calc software, working with a
database contai ning the descriptions of the Ni-Cr-C
system and of its sub-systems*>8 was used in order to

comparereal microstructuresto the calculated ones.
When mismatcheswerenoted Thermo-Calc wasused
againinorder to deduce the temperaturesto which the
observed microstructures correspond.

RESULTSAND DISCUSSION

Evolution of thealloyswith temperaturepredicted
by thermodynamic calculations

Thetheoreticd metdlurgicd stateof thedloysat dl
thefour hightemperaturesisquaitetively giveninfigure
1 by the section at 30 wt.%Cr of theternary Ni-Cr-C
phase diagram computed with Thermo-Calc. At 1250
and 1300°C thethreedloysaretill wholly solid, witha
microstructure composed of aFCC Ni-based matrix
and chromium carbidesof theM_C, type. At the highest
temperature (1340°C) all alloysare partially molten,
whileat thefourth temperature, 1320°C, dl dloysare
very closetotheeutectic valley.

Thecalculated microstructures at stable stateare
more precisely described in figure 2, with one graph
per aloy, inwhich severa curvesshow theevolutions
of themassfractionsof thethreephaseswhich canexist
depending on temperature: the FCC Ni matrix
(containing some Cr and Cinsolid solution), theM.C,
carbide and theliquid. During heating from 1250°C,
the mass fraction of carbide slowly decreases until
enteringinthe neighbourhood of thesolidustemperature
when it rapidly decreasesto becomezero just before
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Figure 1: Section at 30 wt.% Cr of the Ni-Cr-C phase
diagram calculated by Thermo-Calc
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Figure 2: Evolutions of the massfractions of all phases
and of their Cr and C weight contentsver sustemper ature
accordingto Thermo-Calc
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matrix begins to melt. The temperature of fusion’s
beginningisamost the samefor thethreedloys, while,
in contrast, fusion finishes at a temperature which
depends on carbon content. The higher the carbon
content is, the lower the liquidus temperature is.
Concerning thechemica compositionsof matrix and of
liquid, theCr content remai nsalmost constant in matrix
whiletheformingliquid contains morechromium than
matrix at thetemperatures at which these two phases
exist together.
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Figure 3: Microstructures of the Ni-30Cr-0.2C alloy
obtained after water quenching from high temperature

(SEM, BSE mode)

In contrast, for the sametemperatures, carbonis
significantly morepresent inliquid thanin matrix (e.g.
1wt.%C in liquid for the Ni-30Cr-0.2C alloy near
1330°C, to compare with about 0.05 wt.% in matrix).
Indeed, at such temperature, the carbon contentinliquid
isnear theeutecticvaue (figure 1).

Thishigh carbon concentrationinliquidwhenit exist
(dloyinapartidly molten state) will helpto sufficiently
distinguish, withthe SEM in BSE mode, thevolumesof
aloyswhichwereintheliquid statejust beforewater-
quenching.

Microstructuresof thequenched alloys

Themicrostructures of all samplesareillustrated
by SEM/BSE micrographs in figures 3-5 for
respectively the Ni-30Cr-0.2C, Ni-30Cr0.4C and Ni-
30Cr-0.8C alloys. The aloys heat treated at a
temperature among 1250, 1300 and 1320°C display
classical microstructures composed of adendritic matrix
andinterdendritic carbides whicharemoreor lesscoarse
or numerous, depending on both the carbon content in
dloy andtheexposuretemperature. Thair microstructure
areof the sametypeaswhat can be observedfor smilar
aloysafter cooling from lower temperatures (1200°C
andless) or in as- cast conditiong?.

In contrast, the alloys quenched from 1340°C are
very different. The Ni-30Cr-0.2C contains dark
particles, with often a“star”-like shape, instead of the
initid carbides. WDS pinpoint microanays sshowsthat
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Figure 4: Microstructures of the Ni-30Cr-0.4C alloy
obtained after water quenching from high temperature
(SEM, BSE mode)
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Figure 5: Microstructures of the Ni-30Cr-0.8C alloy
obtained after water quenching from high temperature
(SEM, BSE mode)
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they contain admost ten atomic percent of carbon, which
explainstheir dark colour when observed with the SEM
in BSE mode. In the cases of the Ni-30Cr-0.4C and
Ni-30Cr-0.8C aloysquenched from 1340°C, curious
microstructures can a so be seen. Inthe Ni-30Cr-0.4C
alloy one can notice the existence of elongated and
interconnected dark zones (shgpeand ogoustothegrain
boundariesinclassical cast dloys) and spherica zones
(smilar tothestar-like particlesin the Ni-30Cr-0.2C
dloy but hereclearly mixed with matrix insdetheround

TABLE 1: Comparison between the calculated micro
structuresand the observed onesafter water quenching (case
of Ni-30Cr-0.2C alloy)

Ni-30Cr-0.2C
taLaggiteL?re Therm*oCaquIaI:ad M easur ed Rgal
Deduced -Calc* vol.% surf% experiments
temperature
) 0 LIQ 19.2 not meas. quench. lig.
Targtztdegcédmg C FCC 80.8 not meas. mat_rix
M7C3 / / carbides
Targeted: 1320°C  LIQ 13.3 / quench. lig.
Deduced: ~1316°C FCC 86.8 ~99 matrix
*ox M7C3 / 0.58+0.21 carbides
Targeted: 1300°C  LIQ / / quench. lig.
Deduced: ~1300°C FCC 98.1  about98  matrix
*x M7C3 19 1944023 carbides
Targeted: 1250°C  LIQ / / quench. liq.
Deduced: ~1250°C FCC 98.0 about98  matrix
*x M7C3 201 1.85+061 carbides

*Calculations performed for T = targeted temperature; ** Value
of T which allows reaching the measured values of carbides (or

molten areas) fractions by thermodynamic calculations
TABLE 2: Comparison between the calculated micro
structuresand the observed onesafter water quenching (case
of Ni-30Cr-0.4C alloy)

Ni-30Cr-0.4C
teL%greet\?Sre Thermo Calculated M easured Rga]
Deduced -Calc*  vol.% * surf.%  experiments
temperature
Targeted: LIQ 40.3 >7.7  quench.lig.
1340°C FCC 59.7 about 92 matrix
Deduced: 7 7¢3 / / carbides
Targeted: LIQ 29.8 / quench. lig.
Dl gdzl? ;acd: FCC 70.2 about 97 matrix
~1317°C ** M7C3 / 2.80+0.21  carbides
Targeted: LIQ / / quench. lig.
SI0C  FcC 956 about96  maix
~1300°C ** M7C3 4.42 4.34+0.66  carbides
Targeted: LIQ / / quench. lig.
1250°C FCC 95.5 about 95 matrix
Deduced:
~1250°c**  M7C3 453 5.01+1.24 carbides

*Calculations performed for T = targeted temperature; ** Value
of T which allows reaching the measured values of carbides (or

molten areas) fractions by thermodynamic calculations

area. WDS measurements performed with not-
focalized el ectrons beam showed that theseareas are
especialy rich in carbon: 0.92+0.36 wt.%C (and
37.49+2.60 wt.%Cr) in the spherical dark zones
(partialy mixed with matrix), 1.13+0.08 wt.%C (and
40.54+1.38 wt.%Cr) in the elongated dark zones
(averagevauefrom threeresults+ standard deviation).
IntheNi-30Cr-0.8C aloy quenched from 1340°C, the

A %u{émtﬂammé



MSAIJ, 5(1) January 2009

Patrice Berthod 59

TABLE 3: Comparison between the calculated micro
structuresand the obser ved onesafter water quenching (case
of Ni-30Cr-0.8C allay)

Ni-30Cr-0.8C
te-rl;le;)rgre;fgre Thermo Calculated Measured Real
- * 0f * 0, i
Deduced Calc vol.% surf.%  experiments
temperature
Targeted: LIQ 779  532+143 quench.liq.
1340°C FCC 22.1 about 47 matrix
Deduced: 7 \17¢3 / / carbides
Targeted: LIQ 60.3 / quench. lig.
1320°C .
Deduced: FCC 39.7 about 91 matrix
~1316°C **  M7C3 / 8.71+0.92  carbides
Targeted: LIQ / / quench. lig.
1300°C FCC 90.7 about 88 matrix
Deduced: 11.78 .
~1300°C ** M7C3 9.34 10.62 carbides
Targeted: LIQ / / guench. lig.
1250°C FCC 90.5 about 89 matrix
Deduced: 10.95
~1250°C **  M7C3 9.47 1 .06 carbides

*Calculations performed for T = targeted temperature; **Value
of T which allows reaching the measured values of carbides (or

molten areas) fractions by thermodynamic calculations

dark zonesare consderably more devel oped sincethey
seemingly fill interdendritic spaces. InthesezonesWDS
measurements gave 1.40+0.08 wt.%C (and 38.01
+0.18 wt.%Cr). Hereand there additional very small
matrix dendrites can be noted. They are connected to
matrix areas and seem having grown towards the
interdendritic dark zones.

Volumefractionsof thedifferent phasesaccording
tometallography and calculations

For each sample, i.e. each dloy and each exposure
temperature, five SEM/BSE micrographsweretaken,
generdly at x500 but sometimesat lower magnifications
(x125) for the samplesin which zones of quenched
liquid obvioudy existed). For the samplesobtained by
guenching from 1250, 1300 or 1320°C, with
microstructures seemingly composed of matrix (white)
and chromium carbides (dark), imageanaysisalowed
specifyingthesurfacefractionsof carbides. For thethree
dloysandthetwo lowest temperatures, resultsdisplayed
in TABLES 1-3, show avery good agreement with
values predicted using Thermo-Calc, for the samples
exposed to 1250°C and 1300°C. These comparisons
were done after conversion of the calculated mass

= Fyl] Peper

fractionsinto volumefractionsby using 8.12 g cnr3for
matrix and 6.941 g cm for carbides'? by assuming
that they areof theM. C,-type aspredicted by Thermo-
Cac (WDS pinpoint analysiswas not possible since
these carbidesweretoo small).

In contrast, for the two highest temperatures,
caculated resultsand metall ography observationsand/
or surface fractions measurements show significant
mismatches. Indeed, for 1320°C thermodynamic
cdculationsled totheexistenceof liquid whilenozones
of quenched liquid wereseeninsampleswhichobvioudy
still contained carbidesin interdendritic spaces (with
fractionssignificantly lower than at 1300 and 1250°C).
For 1340°C abetter agreement isqualitatively found
between cal culationsand experiments. Indeed, onecan
reasonably think that, after quenching from 1340°C,
the star-likedark particlesseenin Ni-30Cr-0.2C, the
grey boundaries and bi-phased spherical domains
existing insde matrix for Ni-30Cr-0.4C, and thedark
interdendritic continuous areas in Ni-30Cr-0.8C,
probably all correspond to liquid areas at 1340°C
(predicted by Thermo-Calc) before quenching.
However, surfacefractionsmeasured by imageandysis
(after having made amask to takethe small dendrites
formed before quenching as belonging to liquid at
1340°C in the case of the Ni-30Cr-0.8C alloy) are
very different from the calculated ones. Calculated
fractionsof liquid aresignificantly greater than fractions
measured by metallography way.

General commentaries

Even at very high temperatures, carbidesstill exist
inthestudied dloys, but withlogicaly volumefractions
significantly lower than for temperatures such as 1000
and even 1200°C., Neverthelessthese carbides are
still present enough to alow measuring their surface
fraction by imageandysis. Thisdlowed, inafirsttime,
verifying that therewasagood agreement between the
real measured surface fractions and the ones deduced
from the mass fraction issued from Thermo-Calc
caculations, for thethreealoysand at thetwo lowest
temperatures in this study, 1250°C and 1300°C
(TABLE 1to TABLE 3). Incontrast, first mismatches
were noticed for 1320°C, sincethethreealloyswere
partially melted according to Thermo-Calc whileno
molten (then rapidly solidified) areawasseeninthe
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microstructures of the corresponding samples. For
1340°C, dl dloysarepartidly molten, according to both
cdculationsand experiments(obviousfor the Ni-30Cr-
0.8C and Ni-30Cr-0.4 aloy, and probablefor the Ni-
30Cr-0.2C). However, the quantities of liquid were
sgnificantly different between ca culations (high fractions
of liquid) and experiments (lower fractionfor the Ni-
30Cr-0.8Cdloy, thesoledloy for whichametalographic
assessment waspossiblewith asufficient precision).

Thesemismatchescan beexplained either by ared
temperaturewhichwas perhapsdightly lower thanthe
targeted one (case of the alloys exposed to 1320°C) or
to alack of precision of the database with which
Thermo-Cacworked. Inthefirst case, thethreesurface
fractionsmeasured by image analysi s can be supposed
to beclose of the corresponding volumefractionsand
convertedinto massfractionsby usngthedengtiesgiven
above. Thereafter, Thermo-Cal c can be used to look
for thetemperatureswhich dlow obtainingthered mass
fractions. Thus, for theNi-30Cr-0.2C, Ni-30Cr-0.4C
and Ni-30Cr-0.8C alloys, thevaues of carbide surface
(or volume) fractions (respectively 0.58, 2.80and 8.71
vol.%), converted into massfractions (resp. 0.50, 2.40
and 7.54 mass.%), | ead to the temperaturesto which
thethreedloyswereredly exposed (resp. 1316, 1317
and 1316°C) that are dlightly lower than the targeted
one(1320°C). Thisprovesthe possibility or efficiency
of post-mortem determination of real temperaturesby
us ng both phasefraction metallographic measurements
and thermodynamic cdculations.

Thesame procedure, applied to the Ni-30Cr-0.8C
exposed to 1340°C (53.2 vol.% then 53.2 mass. % if
the-unknown- density of the frozen liquid alloy is
assumed as being closeto the matrix one) would lead
toatemperaturewhichisaso closeto 1317°C. This
result, obvioudy falsesincethereal temperaturewas
probably between 1320 and 1340°C, can be dueto
several possible reasons: alack of precision of the
measured valueof thefrozen liquid surfacefraction, a
possibledifferencebetween thedenstiesof matrix and
frozenliquid, or alack of precision of theused database.
Concerning thefirst possiblereasons, it istruethat the
standard deviation cal cul ated from the five measured
values, isespecidly high (14.3%). If oneconsidersthe
sum of theaveragetemperature added with the standard
deviation (67.5vol.%then 67.5 mass. % sincedendties

Woateriolsy Science  mmm——

of matrix and frozen liquid are supposed being equal),
thermodynamic cal culationswould lead to 1328°C,
whichisamore acceptablevaue. Thus, thedigpersion
of measured valuesof thesurfacefraction of liquid may
explain the mismatch between metallography and
calculations. But, it isalso true that anot very good
conversion of surfacefractioninto massfractions, due
to anot true equival ence between surface and volume
fractionsor to the unknown densities, canlead to this
mismatch. A lack of precision of theused database can
bedsoathird causeof themismatch, Snceit wasearlier
found that the description of theliquid phasewasnot
efficient enough® and notably that it led to liquidus
temperatureswhichweretoo low (then probably liquid
fractionstoo high in the mushy state) when compared
to Differentia Thermal Analysisresultsobtained for
ternary Ni-Cr-C aloys.

CONCLUSION

The post-mortem determination of real
temperaturestowhich somepartsof industrid refractory
pieceswerelocaly exposed in service, can bedoneby
coupling metallographic image analysis and
thermodynamic cal cul ations, with good precisionin
somecases. Thismethod isanaogousto theoneused
for apreviouswork™ inwhichit wasthecarbon content
inalloy which played theroleof equation’s unknown
vaueinstead of temperature here.

It appeared in the present work that the method
accuracy was better for aloyswhich were still solid
thanwhentemperaturewashigh enoughto partidly medt
them. Inaddition, inthelatter case, afast cooling would
be necessary to distinguish at ambient temperature the
areas which were molten. Thismethod a so supposes
that thetemperature map of thestudied pieceremained
congtant onlong timesfor stabilizing themicrostructures
of the concerned alloysand that these microstructures
alow clear separation of onephasefromtheothers, as
here carbide from matrix. It isalso important that the
database used inthermodynamic cd culaionsisefficient
enough inthe temperaturerange of consideration. If
these conditions areall respected, rea temperatures
can be deduced by thisway with good accuracy for
inaccessiblelocationsin service, evenin caseof partia
fuson.
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