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ABSTRACT

In this third and final part of this study dealing with the specific role of
interdendritic carbides on the global high temperature oxidation behaviour
of conventionally cast cobalt-based aloys, this was the one of a second
type of carbidesamong the most commonly used for creep-resistance which
was examined. Tantalum carbides present a better stability at high
temperature than chromium carbides but their presence induces the one of
a particularly oxidable element in high quantity and for some of them
emerging from surface directly exposed to oxidation. The same tests of 46
hoursat 1000, 1100 and 1200°C were applied to a Co-10Ni-30Cr-0.5C-7.5Ta
alloy. They revealed that detectable oxidation during heating occurred
sooner than for the two first studied alloys (Co-10Ni-30Cr and Co-10Ni-
30Cr-0.5C). In addition, theisothermal mass gain— purely parabolic for this
tantalum-containing alloy in contrast with the two others — was a little
faster. And finally the scal e spallation started at lower temperature than the
ternary carbide-free alloy, as this was observed for the aloy containing

chromium carbides.

INTRODUCTION

To achieve very high mechanical properties
including creep-resistance in equi-axed cast cobalt-
based superalloys to make them usable at elevated
temperature, besides solid solution strengthening and
secondary carbides precipitated in the matrix asfine
particles, it may be compul sory toinvolve carbides
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too. This maybe efficiently done by promoting the
formation of script-like very stable carbides in the
interdendritic spaceswherethereareclosely mixed with
the outer partsof thedendritic matrix. Among themost
stable carbides possibly appearing with such
morphology and suchlocdization therearethetantalum
carbides. They can beeffectively obtained exclusively
asscript-like TaC forming an eutectic with matrix, in
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cobalt-based®® alloysaswell asin other systems as
Fe-based dloys’, Fe-Ni-based dloy®. . . but not in other
onessuch as Ni-based alloys?.

Even if Cr, another important carbide-former
element isa so present and thisinmuch higher quantities
than tantalum, the TaC phaseformspreferentially to
chromium carbides. Furthermorethe TaC carbideskeep
their script-like shape on rather long timesat not too
high temperature, with asresult agood sustainability of
their strengthening effect. However itistruethat with
time spent & hightemperaturethey tend to becomemore
and more fragmented with consequently significant
evolution of the properties of the aloys, in the
mechanical*”, thermomechanical™® and high
temperature oxidation*? domains.

In some commercial equi-axed cast cobalt-based
superdloys, such asMar-M509, the tantalum carbides
are present together with chromium carbidesin the
interdendritic spaces. Thisallowsachieving significant
strengthening of thealoysat high temperaturewithout
too highcost. However, to obtain asufficiently devel oped
interdendritic carbides network rather high quantities
of tantalum must be added, which may lead to more
than 5 wt.%Tafor more than 0.35-0.4 wt.%C. Such
alloys maybe particularly creep-resistant at high
temperature. But the presence of so high contentina
S0 high reactive el ement as Ta, moreover concentrated
in the emerging interdendritic spaces (eutectic TaC),
may deeply influencethebehaviour of thedloysat high
temperature, not only inisotherma conditions, but aso
during the heating and the cooling.

In aprevious study the behaviour in oxidation at
high temperature of aternary alloy Co-10Ni-30Cr,
simulating the base of many cobalt-based superaloys,
wasentirely characterizeduringthewholethermd cycle
of athermogravimetric test: heating at constant rate,
isothermal stage, cooling at constant rate®®. In afirst
timethesepreliminary resultsacted ascomparison base
totry specifying theisolated roleof chromium carbides
onthehigh temperature oxidation of aquaternary dloy
Co-10Ni-30Cr-0.5C containing such chromium
carbides. Here the same results issued from the
characterization of the oxidetion of theternary aloy will
act asacomparison basefor aTaC-reinforced cobalt-
based superall oys containing the same quantities of
nickel and of chromium asthisternary dloy. Sincethe

alloy which will be studied hereisdouble-phased — a
dendritic matrix and acarbide network made of TaC
only —this comparison will show the specific role of
these tantalum carbides, evenif alittle part of Tais
presentin solid solutioninitsmatrix.

Theeffect of the presence of TaC carbideswill be
thereafter compared to the one of chromium carbides.
In addition, acomparison between the Co(Ni)-30Cr-
0.5C dloy andtwo dloysof similar compositionsin Cr
(25wt.%) and C (0.5wt.%) and based on Co only or
Ni only, will enrichthislast part of the study.

EXPERIMENTAL

A Co-10Ni-30Cr-0.5C-7.5Ta(all contentsbeing
inwt.%) was previoudly used intwo recent works!41
to study the effect of water vapour on the high
temperature oxidation of cobalt-based alloys in a
furnace. This alloy was here considered again
(microstructurereminded in Figure O: dendritic matrix
ingrey and interdendritic tantalum carbidesin white).
The not used parts were machined, to obtain three
paralelepipedsof about 3mm x 7 mm x 7 mm, which
wereground with S C papersof grade 1200. Theedges
and cornerswere smoothed. The oxidationtestswere
realized indry synthetic air (80%N.-20%0,) using a
SETARAM TGA92 92-16.18 thermobaance. The
heatingwasredized & +20K min’, theisothermd stage
at 1000, 1100 or 1200°C during 40 hours, and the
coolingrateat -5K mint,

Themassvariatiionswererecorded every 12.2 (test

: Co-10Ni-30Cr

o

BEC 20kV WD10mm S555
Co10Ni30Cr0,5CT,5Ta TIPE brut

Figure0: SEM/BSE micrograph illustrating the as-cast mi-
crostructur eof thestudied alloy
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at 1000°C), 12.3 (test at 1100°C) or 12.4 (test at
1200°C) seconds. The mass gain files were corrected
from theair buoyancy variations and plotted as mass
gainversustemperature and exploited to specify the
following characteristics.

Heating

- temperature at which themassgainissignificant
enough to be detected by the micro-balance

- eventual determination of theactivation energy (if
linear part inthe curvedescribing theinstantaneous
linear massgain rate variation with temperature,
plotted according to theArrheniusscheme)

- tota massgain achieved during thewhole heating
betweenthestart of oxidation and the beginning of
theisothermd stage)

- find linear massgain ratewhentemperaturereaches
theisothermal stageone

| sother mal stage

- global shapeof the massgain curve when plotted
versustime (parabolic or not, jumpsor not)

- total massgain exclusively achieved during the
isotherma stage

Cooling

- Temperaturea whichthemassvariation accelerates
or becomesirregular (start of scale spallation)
- find massvaiaion

RESULTSAND DISCUSSION

Oxidation during heating

The heating partsof the massgain curves plotted
versustemperature are presented together in Figure 1.
It appearsfirst that the common parts of the 1000°C-
curve and the 1100°C-curve are almost superposed.
Thisisnot clear for the 1200°C curve since an artefact
isvisibleinthehesting curve. Thesethree curvesshow
that the massgain by oxidation during the heating has
become high enoughto be detected by the used thermo-
balance at a temperature which presents a bad
reproducibility sincethethree valuesare spread over
780 - 900°C (TABLE 1).

Over these temperatures of oxidation start the
instantaneouslinear kinetic constant increasesmoreand
morerapidly when temperature increases during the
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Figurel: Enlarged view of themassgain cur vesrecorded
during heating until reaching 1000, 1100 or 1200°C

TABLE 1: Valuesof thetemperatures(in °C) at which the
massgain by oxidation during heating hasbecome signifi-
cantly high enough (*: probable problem during the mass
gain recor ding)

1000°C-  1100°C-  1200°C- . 0 oo
test test test & y
774.96 834.59 903.35* bad

heating, thisletting thinking to an exponentia increase
with temperature. The Arrhenius plot (Figure 2)
confirmsthisover thewhol e heeting from oxidation sart
or only onthehigh temperature part of thehesting, since
thepoints’ clouds are globally elongated along a straight
line. Thedopeof theregression straight lineled to the
valuesof activation energieslistedinthefirst line of
TABLE 2. Thesevauesare variable (between 60 and
200 kJ Moal), maybe because different oxidation
sequences occurring during the heating, a successive
temperature levels, such as oxidation of cobalt, of
tantalum or of chromium.

The second lineof TABLE 2 presentsthe va ues of
thefina vaueof d(Am/S)/dt whentemperaturereaches
the stagetemperature. Thisfina vaueof K effectively
increaseswith temperature, showingthat oxidationis,
at thebeginning of theisothermd stage, logicaly faster
whenthegtabilized temperatureishigher. Thevaluesof
themass gains achieved during thewholeheating are
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Figure2: Arrheniusplot of theinstantaneouslinear oxida-
tion constant over thewhole heating (or only apart if the
point’s cloud is not straight elongated); values of the slope of
theregression straight linefor deducing thevaluesof acti-
vation energies(displayed in TABLE 2)

TABLE 2: Valuesof theactivation energieschar acterizing
thedependence on temper atur e of thelinear oxidation con-
stant K issued from thesuccessvevaluesof K noted during
theheating (over thelinear part of theArrheniusplot); value
of theK, valueat thestart of theisother mal stage

Q (JMol) issued from 1000°C- 1100°C- 1200°C-
the In((dAm/S)/dt) test test test
plot versus U/T(K)

during heating 57306 92643 200027
Final value of K, (end

of cooling, beginning

of the isothermal 11.04 21.70 69.55
stage

(x10°g/cme/s)

Massganattheend o8 ogo 0202

of heating (mg/cm?)

TABLE 3: Values of the temperaturesat which the mass
gain by oxidation during heating hasbecome significantly
high enough tobedetected by thethermobalance

Massgainat osS9an
thee%d of attheend  Isothermal
heatin of the massgain
Oxidation 9 isoth. (mg/cm?);
(mg/cm?); .
et Proportion / Stage Proportion /
i (mg/cm?)  heat.+isoth.
heat.+isoth.
(%) (um of (%)
< and )
1200°C- 0.292 4.700
test (5.85%) 4.992 (94.15%)
1100°C- 0.080 2924
test (2.66%) 3.004 (97.34%)
1000°C- 0.028 1323 1.295
test (2.15%) ' (97.85%)

displayedinthethird lineof TABLE 2. They area so
logically higher for ahigher temperature.

| sother mal oxidation

When plotted asmassgain versustimethethree
isothermal oxidation curves (stagetemperatures 1000,
1100 and 1200°C) are completely parabolic, with no
significant jJumps. The massgainsachieved during the
isotherma stagearegivenfor thethreetemperaturesin
thelast column of TABLE 3. Logically the higher the
stagetemperaturethe higher theisothermal massgain
and, after addition of themassgain achieved during
heating (valuesreminded inthefirst results column of
TABLE 3&again), thehigher thetota massgainredized
before cooling started (middle column).

Phenomenaat cooling
At theend of theisothermal stagethetemperature
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TABLE 4: Valuesof thetemper aturesat which spallation
started during thecoolingand final massvariation after re-
turn at room temperature

Final mass
Temperature of -
I ; variation at the
Oxidation start of the cooling
; end of the whole
test induced scale
spallation (°C) thermal cycle
(mg/cm?)
1200°C-
test 883.53 -3.847
1100°C-
togt 806.03 -2.00
1000°C-
togt 550.92 +2.48

decreased withadow linear rate. At agiven temperature
the decreasein massgain started then accel erated, the
curve becoming moreor lessirregular. Theva ues of
the temperatures at which the oxide scale spallation
phenomenon started, red onthecurves, aregiveninthe
first resultscolumn of TABLE 4.

Thetemperatureat whichtheoxidespalation starts
depends on the temperature of theisothermal stage.
Indeed, during the cooling from 1200°C the scale
gpd lation started at atemperaturewhichishigher than
for the cooling after the stage at 1100°C. The same
order of scdegpd|ation sart temperatureexistsbetween
the cooling from 1100°C and the one from 1000°C.

Graphical summary
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Figure4: The{massgain ver sustemper ature}-plot for the
wholether mal cycleof the 1100°C-oxidation test

temperature are presented in Figure 3for the 1000°C-
test, Figure 4 for the 1100°C-test and in Figure 5 for
the 1200°C test. In each case arrows show the locations
wherethevalues of temperatures or of massvariations
were red, as well as the obtained values aready
presented inthe successivetables.

General commentaries

One can now compare the results obtained here
with the ones previously obtained for theternary Co-
10Ni-30Cr dloy. Concerningfirst the temperature of
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Figure3: The{massgain versustemperature}-plot for the Figure5: The{massgain versustemperature}-plot for the

wholether mal cycleof the 1000°C-oxidation test

wholether mal cycleof the 1200°C-oxidation test
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oxidation start during hegtingtheaveragevauesarevery
close to one another, with here 837.63°C against
839.97°C (in both cases average value calculated from
thethree heating curvesup to 1000, 1100 and 1200°C).
Onemust remind that the 1200°C-heating curve was
perturbed, thus it seems preferable to discard the
corresponding va ues. By comparing only theva uesfor
the 1000°C-curve and the ones for the 1100°C-curve
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it seemsthat the oxidation of the present alloy started
to be detectable at lower temperatures than for the
ternary aloy. Thepresenceof thevery oxidabled ement
tantal um emerging of surfacewith theform of carbides
hasmaybeaccd erated the oxidation at |ow temperature.
No systematic difference were seen between thetwo
samealoysabout the activation energy relativeto the
linear constant at the beginning of theisothermal stage
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Figure6: Comparison of thetemper aturesof oxidation start at heating for the Co-10Ni-30Cr-0.5C alloy (thisstudy), aCo-
25Cr-0.5C alloy!***# and a Ni-25Cr-0.5C alloy!**2!
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aswell asabout thislinear constant itself. In contrast
thetotd massgain achieved during heatingishigher for
the present aloy than for theternary alloy: +211.1%
for heating up to 1000°C, +77.8% for heating up to
1100°C and +93.4% for heating up to 1200°C. The
same commentscan be done about theisotherma mass
gain: +55.6% for the stage at 1000°C, +27.7% for the
stage at 1100°C and +6.3% for the stage at 1200°C.
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Thus, therelative difference decreaseswhen the stage
temperature increases. During the cooling the
temperature at which spallation started tended to be
lower for the present dloy by comparisontotheternary
one. Indeed, if thisoccurred 53 °C higher for the cooling
from the 1100°C-stage, spallation took place 30°C
lower for cooling from the 1200°C-stage and 107°C
lower for the cooling from the 1000°C-stage.
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Figure8: Comparison of thetotal massgain achieved during theisother mal stagefor the Co-10Ni-30Cr-0.5C alloy (this
study), a Co-25Cr-0.5C alloy!***® and a Ni-25Cr-0.5C alloy!**2!
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Thesedifferencesarethusnot thesameastheones
seen between the{ chromium carbides} -containing dloy
and same carbide-free ternary one. Indeed, here the
presenceof carbidesmore clearly induced sooner start
of oxidationduring thehesating, smadler rdaiveincresse
intotal massgain during hestingand, in contrat, alittle
higher relative increase in isothermal mass gain.
Concerning the cooling, the scale spallation washere
too delayed to lower temperatures, but not so later as
for the{ chromium carbides} -containing aloy. In contrast
thetotal massvariation calculated at room temperature
betweentheinitid massandthefind massof thesamples
isheresignificantly lower in absol ute val uethan both
the ternary alloy and the {chromium carbides}-
containingdloy.

All these parameters characterizing the global
oxidation behaviour for thewholetherma cycle does
not depend only on the nature of carbidesfor agiven
alloy base, but it dependsalso onthe alloy basefor a
given network of carbides, chromium carbides for
example. Thus, tofinish, sinceaCo-10Ni-30Cr-0.5C
was studied in thiswork while other 0.50C-containing
dloysrichin chromium (not 30wt.%Cr but 25wt.%Cr)
based either on Co or on Ni was subjected to the same
oxidationtestsand exploitations, it can beinteresting to
comparethem. Thiswasdone concerningthe oxidation
start temperature at heating (Figure 6), thetotal mass

258 1

=]
n

gain achieved during heating (Figure 7), theisothermal
massgan (Figure8), thetemperatureof scalespdlation
start at cooling (Figure 9) and thefinal massvariation
during thewholethermal stage (Figure 10). In each of
these figures the histogram placed on the left
correspondstotheteststhe stagetemperaturesof which
are1000°C, the one placed in the middle corresponds
tothetest at 1100°C and the one placed on the right
correspondsto thetest at 1200°C.

Onecan seethat thesefive oxidation characteristics
effectively depend on the nature of the matrix. The
present Co(Ni)-based aloy (Co-10Ni-30Cr-0.5C)
tendsstarting oxidizing alittle sooner than the Co-based
one (Co-25Cr-0.5C) and the Ni-based one (Ni-25Cr-
0.5C), asvisiblein Figure 6. One can think that these
differences are not really significant. In contrast,
concerning thetotal massgain achieved duringthewhole
heating, the Co(Ni)-based alloy presentsamassgain
whichislower than the Co-based alloy’s one and the
Ni-based aloy’s one.

Thisistheglobdly thesameorder for theisotherma
massgain, except & 1100°C (Figure 8). By considering
thetemperatures of scale spallation start (Figure9) it
seemsthat the Co-based dloy spalled off |ater than the
Co(Ni)-based dloy whilethe Ni-based alloy isthe best
inthisfield, except during cooling from 1200°C. In
contrast, thereisno real link between thetemperature
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Figure10: Comparison of thetotal massvariation during thewholethermal cyclefor the Co-10Ni-30Cr-0.5C alloy (this
study), a Co-25Cr-0.5C alloy***® and a Ni-25Cr-0.5C alloy**2!
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of spallation start and thefinal massloss (Figure 10)
sincetheresultsarerather scattered.

However it seemsthat thewhere cobaltisthemost
present element in the chemical composition, the
corresponding dloys(Co(Ni)-based and Co-based) are
able of thebest and theworst; thisdependson thetest
temperature. Tosummarize, thereisa so aredl effect of
thebasedement(s), and onthreeor four of the precedent
criteria the intermediate alloy based on cobalt but
containing significant quantity of nickel is situated
between the onebased on cobdt only and the one based
onnicke only.

CONCLUSIONS

Inthisthirdand fina part of thisstudy thepossible
influence of the tantalum carbides on the high
temperature oxidation behaviour of cobalt-based dloys
was evidenced. Their presence exposestantalum in
extreme surface with as consequence a sooner
detectable mass gain by oxidation during the heating.
This results in a higher mass gain achieved before
isothermal oxidation begins. The presenceof tantalum
carbidesasoinduced anisothermal massgainratea
littlefagter. Incontrast, during the coolingthe TaC, being
interdendritic carbides too, tends to improve the
resi stance of the oxide scae againgt spallation, but not
so efficiently as the chromium carbides in term of
gpdlation start temperature. In contrast thescaleswere
more kept on surface and were more available to
protect thealoy for new thermal cycles.
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