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ABSTRACT

Two cobalt-based alloys, aternary one (Co-30Cr-0.3C) and aquaternary one
(Co-30Cr-0.3C-4.5Ta) wereelaborated by foundry and their thermal expansion
behaviour tested by dilatometry. Three cycles { heating from room
temperature— two hours — stage at 1050, 11150, 1200 or 1250°C — cooling to
room temperature} were applied to samples cut in the ingots. The thermal
expansion of theternary alloy (containing low fraction of chromium carbides)
was almost linear and reproductive while curious phenomena occurred for
the quaternary alloy (containing high fraction of tantalum carbides). During
the high-temperature 2-hours stage of each cycle the samples continued to
deform. The amounts of these isothermal deformations were studied versus
the number of the considered cycle, versus temperature and versus the type
of alloy. After examination of the changesinvolved by thethermal cycleson
the microstructures of the dloys, it appearsthat the accumulation of stresses
inthe matrix and in the carbides during the heating because of their interaction
due to their difference of thermal expansion coefficient was not the single
cause. Indeed carbides have significantly evolved: decreased volume
fractions of chromium carbides and fragmentation of tantalum carbides.
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INTRODUCTION

Animportant family of metallic materidsfor high
temperature oxidation arethe cobalt-base superdloys.
Thesealloys, availablein cast or wrought versions,
generdly contain severd tensof chromiumtoresst high
temperature oxidation (e.g. by combustion gases?) and
corroson (e.g. by moltenglass®), propertiesof chemica
resstanceat hightemperaturedlowingtheir useasglass-

formingtool§4. Thesealoysdisplay high mechanica
propertiesup to rather high temperatures, thanksto the
intrinsic strength of the austenitic matrix of the cobalt,
itssolid-sol ution hardening by presence of heavy atoms
(e.g.- W or Re), and/or their preci pitation hardening by
carbides (e.g. (Cr,Co).C, or TaC) appeared in
interdendritic spaces at solidification (coarse eutectic
carbides) or later during specific heat-treatments(fine
dispersed carbides).
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Concerning specifically theselatter cobalt-based
superdloys, whichfinaly consstintheassociation of a
ductile continuous matrix and of reinforcing dispersed
hard particles, asisto say asakind of in Situ composite
material, the co-existence of such two very different
phases may lead to internal phenomena in some
situations. For example, the differences of thermal
expans on behaviour betweenthehigh-dilaaionmetdlic
meatrix and thelow-dilatation ceramic carbideparticles,
may causeinteractionsat themicrostructurescale, with
passi bly curiousmacroscopic behaviour for piecesmade
of suchdloys, asprevioudy evidenced and interpreted
inthecaseof ternary or quaternary equiaxed Co-based,
Ni-based and Fe-based alloysd5® for example. It was
noticed that after heating to rather high temperatures,
duringwhichamechanical equilibrium pers ssbetween
amatrix moreand morein compression and acarbides
network moreand moreintraction, thehigh temperature
—induced weakening of the matrix promotes a visco-
plastic deformation of the now too softy matrix under
the compression stresses applied by the carbide
network. Such phenomenon can be observed during
theisothermal stage a 1200°C separating heating and
cooling, and insomecases, it can nealready revealed
by the shape of the high temperature part of the heating
dilatometry curve.

The purpose of this work is to deepen the
knowledge of thedimensional consequences of this
microstructureinteractionfor amodel cobalt aloy and
alitttemorecomplex one, by measuringtheir dimensond
variation inisothermal conditionsfor different high
temperatures.

EXPERIMENTAL

Choiceand synthesisof thealloys

Thetwo alloys which were considered for this
study areasimpleternary Co-30Cr-0.3Caloy and a
guaternary Co-30Cr-0.3C-4.5Ta alloy. Their
el aborations were achieved using ahigh frequency
induction furnace (CEL ES) under aninert atmosphere
of 300mbarsargon. Themelting at alittle morethan
100kHz-4kV wasredlised onlessthan 4 minutes, the
aloysweremaintainedinthemolten stateduring three
minutes to be sure to have entirely melted and/or
dissolved (Ta) the pure metalsand graphite of themix,
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and homogenized the obtained liquid, before starting

theliquid statethen solid state cooling. After complete

cooling, the ingots (between 30 and 40g) were cut

using alsomet 5000 precision saw from Buehler, in

order to obtain:

- cold resin - embeded and mirror like - polished
samplesfor metalographi c observations (doneusing
a JEOL J7600F Field Emission Gun - Scanning
Electron Microscopein Back Scattered Electrons
mode, accelerationvoltage: 20kV),

- and parallelepipeds (about 5 x 5mm? x 3mm
(thickness, measured dilatation direction).

Dilatometry runs

The dilatometry tests were performed using a
TMA92-16.18 apparatus from Setaram. They
consstedin cycles composed of :

- aheating at 10°C min* fromroom temperatureto
thetargeted high temperature,

- anisothermal stageof 2 hoursat thistemperature,

- acoolingat -10°C min* downto room temperature.

For andloy and agiventargeted stagehigh temperature,

thiscyclewasrepeated threetimes.

The stagetemperatureswere chosen to be 1050°C,
1150°C and 1200°C for the Co-30Cr-0.3C alloy while
itwas 1250°C for the Co-30Cr-0.3C-4.5Ta alloy.

Initial thermodynamic calculations

Inorder to help if necessary for theinterpretation
of thedilatometry results, the microstructureevolution
of theternary aloy wasanticipated by thermodynamic
caculationsperformed usngthe Thermo-Calcverson
N software” and adatabase contai ning the descriptions
of the Co-Cr-C system and its sub-systemg®3,

RESULTSAND DISCUSSION

As-cast microstructuresof thetwo alloys

Theinitial microstructures of thetwo alloysare
illustrated by two SEM micrographsat two different
magnifications (x250 and x1000) in Figure 1 for the
Co-30Cr-0.3C dloy andin Figure 2 for the Co-30Cr-
0.3C-4.5Tadloy. Theas-cast ternary dloy iscomposed
of adendritic matrix of cobalt solid solution and of
chromium carbidesin theinterdendritic spaces. These
carbides, darker than matrix when observedin Back
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Figurel: As-cast microstructure
at x 250 (top) and x 1000 (bottom)

Figure2: As-cast microstructureof the Co-30Cr
alloy at x 250 (top) and x 1000 (bottom)

Scattered Electrons mode, because of their lower
averageaomic number, arepresent inrather low surface
fraction. Carbides are much more present in the
quaternary dloy, evenif itscarbon content isthe same
astheoneof the previousalloy, thanksto the stringer
carbide-forming character of tantalum. Thesetantalum
carbides (TaC), appearing inwhitein the same BSE
mode because of their average atomic number higher
than for matrix, effectively display higher surface
fractions. Their positionintheinterdendritic spaces, as
well as their script-like shapes, clearly shows their
eutectic character.

Dilatometry runs

The deformationswhichwererecorded during the
dilatometry runsare plotted versustemperature, for the
Co-30Cr-0.3C dloy in Figure 3 when heated to
1050°C, Figure 4 when heated to 1150°C and Figure
5when heated to 1200°C, and in Figure 6 for the Co-
30Cr-0.3C-4.5Ta aloy heated to 1250°C. In these
figuresthethreecycles(heating part + cooling part) are
presented separately for the three first graphs, and
superposed for thefourth graph.

For the Co-30Cr-0.3C aloy and thetargeted stage
temperatureof 1050°C (Figure 3) the thermal expansion
IS quite regular, with however some very small
discontinuities near 300-400°C and 700-800°C (in the
two cases: little stationarity maybe revealing asmall
contraction compensating thetherma expansion), and
the three cycles of thermal deformation are almost
superposed.

For the same alloy and the targeted stage
temperatureof 1150°C (Figure 4) the dilatometry curves
areregular and superposed again. Smdl differencesexist
withthepreviouscurves: alittlediscontinuity rather near
500-600°C than 300-400°C for the 1050°C-tests,
whichisseemingly duetoasmal additiona expansion.
Another differenceisadightly enhance dimensional
variation during theisotherma stage.

For the Co-30Cr-0.3C alloy again but for a
targeted temperature of 1200°C (Figure 5), the good
regularity and amost linear character isobserved ancther
time, with aso sensibledimensional variationsduring
thehigh temperatureisothermal stage.

Theresults concerning the Co-30Cr-0.3C-4.5Ta
alloy cycling between room temperature and 1250°C
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asudden expansion accel eration starting near 1100°C
and going on until reaching thetargeted temperature.
The samplethickness a so varies during the 1250°C-
stage. The cooling part of the first cycle is also

withthe same parametersof timeand heeting & cooling
rate asfor thedilatometry testsof theternary dloy, are
very different. Thethermd expanson during thehesting
part of thefirst cycleismuch more perturbed, witha

first discontinuity near 100-200°C and, more important,

particularly perturbed, with curious dimensional
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deformation after return to room temperature.

Theresultsof abasic quantitativeanaysisof the
heating parts of the previous curvesare presented in
TABLE 1. Concerningtheternary dloysit appearsthat

Woterioly Stience  mm——"

the heating parts of the thermal expansion curves,

whatever the considered cycle and the targeted

temperature, can bedivided intwo main parts:

- afirst - “slow-expansion” - one starting at a
temperature varying inthe [220-360°C] range and
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finishing at temperaturevaryinginthe[610-720°C]
range, over which the average thermal expansion
coefficient isabout 16-20 x 10° K™,

- asecond-— “faster expansion” — one starting at the

= Fyl] Peper

end of the previouspart and finishing a thetargeted
temperature whatever its value, over which the
averagethermd expansoncoefficientishigher: 21.5-
245 x 10° K™,

TABLE 1: Averagether mal expansion coefficients(x 10-°°K 1) deter mined on the heating parts

(tar getedAtlelr%yper ature) El;c?; T1 alphar,.rz T2 alphar,.r, Ts alphar,.r, Ta
Co-30Cr 1 Room T. 17.3 1050°C / /
-0.3C 2 264°C 17.2 612°C 22.4 1050°C / /
(1050°C) 3 222°C 15.7 639°C 23.1 1050°C / /
Co-30Cr 1 Room T. 18.5 1150°C / /
-0.3C 2 316°C 19.0 686°C 22.7 1150°C / /
(1150°C) 3 355°C 19.9 722°C 24.4 1150°C / /
Co-30Cr 1 Room T. 18.0 1200°C / /
-0.3C 2 248°C 16.9 624°C 21.7 1200°C / /
(1200°C) 3 338°C 17.9 667°C 23.0 1200°C / /
Co-30Cr 1 281°C 18.6 850°C 19.0 1070°C 435 1250°C
-0.3C-4.5Ta 2 371°C 145 696°C 21.3 1020°C 20.8 1250°C
(1250°C) 3 322°C 15.4 752°C 21.2 1250°C

Thedilatometricrecordsared so plotted versustime
in Figure 7, Figure 8 and Figure 9 for the Co-30Cr-
0.3C alloy heated to 1050, 1150 and 1200°C
respectively, and in Figure 10 for the Co-3Cr-0.3C-
4.5Taheated to 1250°C. In each case the three cycles
are represented together (superposed), and the top
graph givesageneral view of thewholecurvesand a
bottom graph, an enlarged view of the previousone,
alowingto better examinethedimensiond evolutions
during theisothermal stage. It appearsfor theternary
aloy that thethickness of thesamples, increased during
the heating, tends to decrease during the isothermal
stage, first quickly then slowly asit tendsto join a
horizontal asymptote, and thisfor each of the three
cycles. Furthermore, the deformation reached at the
end of heating tendsto be higher for the second cycle
than for thefirst one, and for thethird cyclethan for the
second one, and the rate of isothermal thickness
decrease seemsto be higher for thethird cyclethan for
the second one and for the second onethan for thefirst
one. Thisisconfirmed when thedeformation valuesat
theend and at the beginning of theisotherma stageare
measured and subtracted to one another to assessthe
amount of deformation aongthewholeisotherma stage
(TABLE 2). In contrast, the opposite hierarchy is
observed between the second and thethird cycles of

thequaternary aloy (deformation at heating’s end and
rate of negativeisothermal deformation both higher for
the second cyclethanfor thethird one). Tofinish, the
residua deformation remaining after return to room
temperature, negativefor theternary alloy tested up to
1050°C, and positive for the two other temperatures
aswell asfor the quaternary aloy heated to 1250°C,
tendsto increase with the stagetemperatureand to be
sgnificantly higher for thequaternary aloy thanfor the
ternary dloy.

General commentaries

As afirst remark one can notice a rather good
reproducibility of thetherma expanson during heeting
of the Co-30Cr-0.3C dloy, between thethree cycles
and thethree temperatures of isothermal stage since
the curveswere general ly wel | superposed. Amongthe
smdll perturbations, theoneswhich occurred a thetwo
levesof temperature[ 300-400°C]/[500-600°C] on the
left hand, and [ 700-800°C] on the right hand, may be
explained by the phase transformations predicted at
these levels of temperature by Thermo-Calc
calculations, evenif these onesalow more knowing
thethermodynamic equilibriaat giventemperaturethan
the dynamic microstructure changes when the
temperaturerises. Thegraph representing theevol ution
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of nature and mass fraction of phases versus
temperature, givenin Figure 11, effectively showsthat
matrix changes can be expected near 300°C and near
800°C (the classical cobalt-chromium matrix change
between HCP at low temperature and FCCC at high
temperature). For thedimensional variationsobserved
during the 2 hours - isothermal stages at high
temperature, one can first suppose that the stresses
accumulated inthematrix and inthecarbidesplay a
role, aspreviously noticedin earlier workg®64, But it
isalso possiblethat microstructure changes occurring
during the 2 hours spent at high temperature may

2h
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influencethedimensional stability. Thesampleswere
thus examined by electron microscopy after
metall ography preparation. SEM micrographs of the
ternary aloy after thethree cycles performed per value
of stagetemperature and of the quaternary alloy after
thethree cyclesdonefor 1250°C are displayed in Figure
12. One can seethat the microstructures of thesetwo
dloyshavesgnificantly changed: thechromium carbides
are less and less present in the Co-30Cr-0.3C alloy
when the stagetemperatureincreases, and theionitial

script-like TaC carbides of the Co-30Cr-0.3C-4.5Ta
aresens bly fragmented.
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Figure7: Co-30Cr-0.3C — 1050°C: dilatometry results plotted versus time with superposition of the three cycles, in full scale

and after enlargement for the stagehigh temper aturepart
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CONCLUSIONS

Thetwo carbides-containing cobalt-based alloys
studied in this work have shown, in some cases a
particular thermal expansion behaviour during hesting,
but dso, inal cases, aproblem of dimensiond stability
at hightemperature. Thiscanbeduetoether therdease
of thermo-mechanical stressesdeveloped during the
thermicvariaions(heating, or cooling after olidification
or at theend of the previousdilatometric cycle), or to
microstructure evol utionsduring thestage, favoured by
the high temperature. Such phenomenamust to betaken
into account since they may lead to problem of
dimensiond precisoninservice.
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