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ABSTRACT KEYWORDS
An alloy based on cobalt and iron in equa parts, rich in chromium and Cobalt;
containing adense TaC network inits microstructure wastested in oxidation Iron;
at high temperature in dry synthetic air. The thermogravimetry tests were Tantalum carbides;
performed at 1000, 1100 and 1200°C during 40 hours. The mass gain files High temperature oxidation;
were plotted versus temperature and exploited to specify the oxidation start Oxidespallation.

during heating and spallation start during cooling temperatures as well as
the successive parts of mass gain achieved during heating and during the
isothermal stage. The massgain kinetic at 1000°C is quite parabolic and the
rate rather low. The mass gain curvesobtained at 1100 and 1200°C are much
more perturbed, with presence of successive high jumps and atendency to
liner oxidation at the end of the isothermal stage. The oxidation start
temperature of this CoFe-based alloy wasgenerally lower than for the NiCo-
based alloysstudied in thefirst part, and the overall oxidation during heating
alittlefaster. Theisothermal massgain wasitself alittle higher but the scale
spallation behaviour of this CoFe-based alloy during cooling was similar to
the NiCo-based aloy one, asisto say not good.
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INTRODUCTION quantity.
Many applicationsinvolvealloysbased on cobalt.
If cobalt and iron nay be encountered inasame  Among them onecan cite prosthetic dentistry™ andin-
superalloy thesetwo elementsarerardy presentinthe  dustria processes?® working at high temperature, do-
same proportions. Oneencounter more often cobalt-  mainsinwhich the chemical resistancebrought by the
based superalloysinwhichironisasopresent butin high contentsinchromiuminthesealoysaswell asthe
low content, whilecobat may bemetinsted butinlow  intrinsic high mechanical resi stance of the Co-based
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matrix areexploited*®l. In case of carbon presencein
high concentration the obtained carbidesthe use may
be extended to cutting tool S a, d wear-protective coat-
ings”. Iron-based aloys, and particularly steels, are
widely used in many applicationstoo. Their multiple
combinations of chemical compositionsand of eabo-
ration conditions(solidificationt®, heet-treatment') lead
to awidespectraof propertiesand then of gpplication
asbulk material§° or coatings*Y.

Between thesetwo important familiesof dloysthere
isseemingly no aloyssimultaneoudy based on cobalt
andiron. Thesetwo very refractory elements (melting
point = 1495°C for cobalt and 1535°C for iron) may
congtituteavery refractory base, refractorinesswhich
can benot really threaten by neither high concentra-
tionsinchromium (melting point: 1870°C) nor the pres-
ence of tantalum carbides (TaC are among the most
gtableonesat high temperature). Thisisthereasonwhy
acast Cr-rich{ Co, Fe} -based alloy containing TaC in
high fractionswas el aborated to first know the devel -
opment of itsmicrostructure by preliminary thermody-
namic cal cul ations and second to metallographically
characterizeitinitsas-cast condition2. Inthe present
work itisthe behaviour in high temperature oxidation
whichwill beexplored.

EXPERIMENTAL

Thechemical composition of thestudied dloy was
initialy targeted to be 30wt.%Cr, 1wt.%C, 15wt.%Ta,
and equal contentsin cobat and nickel: 27wt.% each
of them. Asprevioudy specified by Energy Dispersive
Spectrometry*?, the obtained composition was
26.41+0.33wt.%Co, 26.79+0.13wt.%Fe,
30.69+0.74wt. %Cr, and 16.110.93wt. %Ta (the car-
bon content being not controllable by EDS). The as-
cast microstructureof thedloyisillustratedin Figure 1
by amicrograph taken with a Scanning Electron Mi-
croscope (SEM) in Back Scattered Electrons (BSE)
mode. Thewhiteparticlesare TaC carbides, the blocky
ones of aprobably pre-eutectic origin and the script-
likeonesof an obviouseutectic one. Thematrix iscom-
posed of two parts: the palest oneis probably an aus-
tenitic cobat-iron solid sol ution containing chromium,
and aferritic darker one contai ning chromium in espe-
cidly high content which led to think that it waspossi-

bly chromium carbidesin afirst time*? (erratumto cor-
rect ini*?). Their surfacefractions, asmeasured by im-
ageanayss, were 7.55+3.5 surf.% for the ferritic part
of matrix and 11.45+1.73 surf.% for the tantalum car-
bides.

During the cutting performed to obtain the part for
the metallographi c examinations, three paral e epipeds
of about 3mm x 7mm x 7 mm were also prepared,
These ones were ground with SiC papers of grade
1200, with smoothing of their edgesand corners. The
oxidation testswere carried out usingaSETARAM
TGA92 92-16.18 thermo-balance, with as oxidant at-
mosphereaflow of dry syntheticair (80%N.,-20%0,).
Theheatingwasredized at +20K min?, theisothermal
stageat 1000, 1100 or 1200°C for 40 hours, and the
coolingrateat -5K min,

Themassvariationswere recorded every 32 (test
at 1000°C) or 33 (1100&1200°C) seconds. The mass
gainfileswere corrected from theair buoyancy varia-
tionsand plotted as mass gain versustemperatureand
exploited to specify thefollowing characteristics:

Heating

. temperature at which themassgainissignifi-
cant enough to be detected by the micro-bal-
ance,

. eventual determination of theactivation energy

(if linear partinthe curvedescribing theinstan-
taneouslinear massgainratevarigionwithtem-
perature, plotted according to the Arrhenius
scheme),

. total massgain achieved during thewhol ehesat-
ing between the start of oxidation and the be-
ginning of theisothermd stage),

. fina linear massgain rate when temperature
reachestheisothermal stageone;

| sother mal stage

. global shapeof the massgain curvewhen plot-
ted versustime (parabolic or not, jJumpsor not),

. total massgainexclusively achieved duringthe
isotherma stage;

Cooling

o Temperature at which the massvariation ac-
celerates or becomesirregular (start of scale
gpdlation),
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Figurel: SEM/BSE micrographillustratingtheas-cast microstructure of thestudied alloy
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Figure2: Enlarged view of themassgain curvesrecorded
during heating until reaching 1000, 1100 or 1200°C

. find massvariation.

RESULTSAND DISCUSSION

TABLE 1: Valuesof thetemper aturesat which themassgain
by oxidation during heating has become significantly high
enough
1000°C-test 1100°C-test 1200°C-test reproducibility
608.1 767.6 688.4 bad

Oxidation during heating

The heating parts of themassgain curves plotted
versustemperature are presented together in Figure 2.
It appearsfirst that the common parts of the 1000°C-
curve, the 1100°C-curve and the 1200°C curve (up to
1000°C) are almost superposed; furthermore the com-
mon parts of the 1100°C-curve and the 1200°C-one
(between 1000 and 1100°C) are strictly the same.
However, despite this rather good correspondence
between thethree curves obtained for the same alloy
on thesametemperaturerange (by parts) thetempera-
tures of oxidation start (defined as being the ones at
which themassgain is high enough to be detected by
the thermo-balance) arerather scattered (TABLE 1),
over the610-770°C range.

Over thesetemperatures of oxidation start thein-
stantaneous|inear kinetic constant increasesmoreand
morerapidly when temperatureincreases during the
heating, thisletting thinking heretoo to an exponential
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CoFe-30Cr-1C-15Ta (1100°C)

CoFe-30Cr-1C-15Ta (1200°C)
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Figure3: Arrheniusplot of theinstantaneouslinear oxidation constant over thewholeheating (or only apart if the point’s
cloud isnot straight elongated); values of the dope of theregression straight linefor deducing the values of activation
energies(displayed in TABLE 2)

TABLE 2: Valuesof theactivation ener gieschar acterizing the dependence on temper atur eof thelinear oxidation constant K,
issued from thesuccessivevaluesof K, noted duringtheheating (over thelinear part of theArrheniusplot); valueof theK,

valueat thegtart of theisothermal stage

Q (I/Mal) issued from theIn ((dAm/S)/dt) plot versus U/T (K) during heating

1000°C-test 1100°C-test 1200°C-test

61666 69381 75921
Final value of K, (end of cooling, beginning of the isotherma stage 2125 3220 78.16
(x108g/cm?/s) ' ' '
Mass gain at the end of heating (mg/cm?) 0.150 0.262 0.462

increasewith temperature. TheArrheniusplot confirms
thisover thewhol e heating from oxidation start or only
on the high temperature part of the heating, sincethe
points’ clouds are globally elongated along a straight
line. Thedopeof theregression straight lineled to the
valuesof activation energieslistedinthefirst line of
TABLE 2. They aredl inthe 60-76kJMol range.

Thesecond lineof TABLE 2 containsthevauesof
thefind vaueof (dAmM/S)/dt whentemperaturereaches
thestageone. Thisultimatevaueof K effectively in-
creaseswith temperature, showing that oxidation s, at
thebeginning of theisotherma stage, logicaly faster when
the tabilized temperatureishigher.

Themassgainsachieved during thewhol e heating
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TABLE 2: Valuesof theactivation ener gieschar acterizing the dependence on temper atur eof thelinear oxidation constant K,
issued from thesuccessivevaluesof K, noted duringtheheating (over thelinear part of theArrheniusplot); valueof theK,

valueat thegtart of theisothermal stage

Q (I/Mal) issued from the In ((dAm/S)/dt) plot versus /T (K) during heating

1000°C-test 1100°C-test 1200°C-test

61666 69381 75921
Fi nal_ 8val ue of K, (end of cooling, beginning of theisothermal stage 21 25 3220 78.16
(x10™g/cne/s)
Mass gain at the end of heating (mg/cm?) 0.150 0.262 0.462

TABLE 3: Valuesof thetemperaturesat which themassgain by oxidation during heating hasbecomesignificantly high

enough to bedetected by thether mobalance

Mass gain at the end of heating

Mass gain at the end of theisoth.

I sother mal mass gain

Oxidation (mglem?); stage (mg/cm?) (mg/cm?);
test Proportion / heat +’isoth %) (sum of Proportion / heat.+isoth.
' ' < and 5) (%)
o 0.462 6.814
1200°C-test (6.35%) 7.276 (93.65%)
o 0.262 4.873
1100°C-test (5.11%) 5.136 (94.89%)
o 0.150 1.234
1000°C-test (10.81%) 1.384 (89.19%)
TABLE 4: Valuesof thetemper aturesat which spallation started during the cooling and final massvariation after return at
room temperature
Oxidation Temperature of start of the cooling-induced Final massvariation at the end of thewhole
test scale spallation (°C) ther mal cycle (mg/cm?)
1200°C-test 965.9 -1.72
1100°C-test 816.5 -3.78
1000°C-test 602.1 -0.95

aredisplayedinthethirdlineof TABLE 2. Thevdueis
logically higher for ahigher temperature.

| sothermal oxidation

When plotted asmass gain versustimetheisother-
mal oxidation curvesarenot dl parabalic. Theoneob-
tained for an isothermal stagetemperature of 1000°C
iseffectively redly parabolic, with no detectablejumps
or tendency to para-linear kinetic. In contrast themass
gain curveobtained for 1100°C is very irregular since
affected by many jumps, someof them being rather high.
Thisisalsothe casefor the massgain curve obtained
for 1200°C since two significant jumps are followed by
ashapesuggesting akinetic becomepara-linear. When
plotted versustemperature (after having corrected the
mass gain filesfromtheair buoyancy variations) the
three curvespresent afirst part which quit the abscissa
axisleadingtothefina massgainaready giveninthe
last lineof TABLE 2. Theredfter, in thistypeof repre-
sentation theoxidation curvebecomesavertica straight

linethelength of which representsthe part of massgain
whichisisothermally realized. Thevauesof thisiso-
therma massgainaregivenin TABLE 3 (last column).
To obtain them theval ue of the mass gain at the end of
theisothermal stagewasred inthefileand subtracted
by thevalueof thetotal massgain achieved during the
heating (already givenin TABLE 2 but reminded in
TABLE 3). Logically the higher thetemperaturethe
higher the mass gain achieved during the 40 hours of
isothermal oxidation. Thecal culation of the proportions
inTABLE 3 showsthat thisisotherma massgainisof
coursethemgjor part of thetota massgain (89-95%)
but it isalso true that the mass gain already realized
when theisothermal stage startsissignificant (5-11%
of thefinal massgain before cooling).

Phenomenaat cooling

Thethird part correspondsto the cooling during
which oxidation may continue but sl ower and s ower.
After aneventud jumpinmassgain, themassdecreases
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rapidly andirregularly: thisisthe spallation of theexter-
nal oxide scalewhich startsat agiven temperatureand
whichleadsto fina masswhich may belower thanthe
previousoneif gpdlationwasparticularly severe. Some-
timesfina massvariations may be negative athough
that themain part of the experiment was characterized
by amassgain dl thetime before spallation start: the
mass of oxygen remaining over theoxidized sample
combined withthemetalic e ementsmay belower than
themass of metallic elementslost asoxideswhenthe
scale— partly or wholly - quitted the samples. The val-
uesof thetemperaturesat which oxidespdlation started
during the cooling for thethree experimentsaswell as
thefinal massvariationsaregivenin TABLE 4. It ap-
pearsthat the spdlation start temperatureincreaseswith
the stagetemperature.

Graphical summary

Thewholecurvesplotted asmassgain versustem-
perature are presented in Figure4 for the 1000°C-case,
Figure5for the 1100°C-case and in Figure 6 for the
1200°-case, with in each case the designation by ar-
rows of thelocationswherethevauesof temperatures
or of massvariationswerered, aswell asthe obtained
valuesaready presented in the successivetables.

General commentaries

Thus, characterized with the samethermo-balance
and for the same conditions of atmosphereand thermal
cycle, the present alloys obviously started oxidizing
sooner than the NiCo-30Cr-1C-15Ta studied in the
first part of thiswork(*¥, but with aworsereproducibil -
ity for thetemperature at which thisbecamedetectable
during the heating. In contrast theArrheniusplot of the
linear constant during the heating led to the same acti-
vation energy for thethreetests herewhilethiswasnot
the casefor the NiCo-based alloy. At theend of heat-
ingthelinear constant tended to be dlightly higher for
the CoFe-based alloy than for the NiCo-based one.
Probably dueto thelower oxidation start temperatures
inthe present case (asisto say the sooner massgain)
the mass gain achieved during thewhol e heating was
sgnificantly higher thanfor the NiCo-based dloys, about
threetimesfor the heating up to 1000°C during the first
testsand twicefor the heatingsup to 1100 and 1200°C.
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Figure4: The{massgain ver sustemper ature}-plot for the
wholether mal cycleof the 1000°C-oxidation test
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Figure5: The{massgain ver sustemper ature}-plot for the
wholether mal cycleof the 1100°C-oxidation test

Consequently thepart of the oxidation during heatingin
thetotal massgainjust after cooling was here higher
thanfor theNi-Co-based dloy (6 to 11%instead 4 to
5% for the NiCo-based alloy). Theisothermal mass
gainwerethemselvesherehigher for thesametempera-
tureand duration, not really at 1000°C (slow parabolic
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Figure6: The{massgain ver sustemperature}-plot for thewholethermal cycleof the 1200°C-oxidation test

isotherma kinetic) but significantly at thetwo other tem-
peraturesfor which sudden accelerations of massgain
occurred sometimes (jumps). The behaviour of the
present CoFe-based alloy during the cooling wasglo-
baly (by consdering thethreeteststogether) not redlly
different from what was observed for the NiCo-based
alloy, neither interm of scale spallation start tempera-
ture nor fina mass after returnto room temperature.

CONCLUSIONS

This second 30wt.%Cr-containing TaC-strength-
ened alloy based on two elementsamong nickel, co-
balt and iron — the CoFe-based one — displayed glo-
bally the sametype of microstructure asthefirst dloy,
and aso asimilar behaviour in oxidation at high tem-
perature, despite oxidation ratesalittle higher. How-
ever, if thekineticwasat 1000°C simultaneously purely
parabolic and dow, therather severe scd e detachments

observed during the isothermal stage at 1100 and
1200°C as well as the start of rapid linear mass gain at
the highest temperature demonstrate that this CoFe-
based aloy isclearly morethreatened by catastrophic
oxidation than the NiCo-based oneif thetemperature
istoo high. Thiskinetic study will besoon followed by
the post-mortem characterization of the oxidized
samples™ in order to assesstheir deteriorated states
and interpret theoxidation kinetics.
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