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ABSTRACT KEYWORDS
An alloy based on iron and nickel in equa parts, rich in chromium and Iron;
containing adense TaC network inits microstructure wastested in oxidation Nickd;

at high temperature in dry synthetic air. The thermogravimetry tests were
performed at 1000, 1100 and 1200°C during 40 hours. The mass gain files
were plotted versus temperature and exploited to specify the oxidation start
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. Themassgain kinetic at 1000°C is quite parabolic and the
rate rather low. The mass gain curves obtained at 1100 and 1200°C are in
contrast affected by the occurrence of masgain jumps. The oxidation kinetic
during the heating and the isothermal stage are closer to the one of the
NiCo-based alloy previously studied than to the CoFe-based one.
Concerning the behaviour of the oxide scale during the post-isothermal
stage cooling the behaviour of this FeNi-based alloysis similar to the two
others alloys’ one, as is to say severe spallation also occurred here.
Metallographi ¢ characterization will be soon undertaken for thethreealloys.
© 2015 Trade Sciencelnc. - INDIA

Tantalum carbides;
High temperature oxidation;
Oxide spallation.

INTRODUCTION

Iron and nickel are often combined together into
aloysabletowork at high temperatureaswell asin
cryogenic conditions. At al temperaturestheir austen-
iticmatrix bringshigh mechanicd strengthand preserves
aminimal ductility. Evenif mechanical resistanceand

high hardness may be achieved by other meansasfast
solidification® or heat-treatment/quenching? for bulk®
or coating” iron-based alloysand by chromium car-
bides'>12 for nickel-based alloys, other reinforcing
particlesmay beconsidered. Thisisthecaseof thetan-
talum carbideswhich display both intrinsic high hard-
nessand mechanica resistance, but dsowhich crystd-
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Figurel: SEM/BSE micrographillustratingtheas-cast microstructureof thestudied alloy

lizeat solidification asscript-like carbidesforming an
eutectic withthe matrix. Furthermore, for the applica-
tionsat el evated temperatures, their good stability al-
lowsapersstenceof ther strengthening effect onlong
times.

Associating achromium-rich Fe-Ni austenitic ma-
trix with high TaC fraction wasexplored inaprevious
work® inwhich, after preliminary thermodynamic cal-
culations, a30wt.%Cr-containing{ Fe, Ni} -based al-
loy with 1wt.%C and 15wt.%Tawas el aborated and
itsas-cast microstructure studied. The purposeof this
work isnow to explorethebehaviour of thisaloyinhot
oxidation, by exposing it to air at temperature ranging
from 1000 and 1200°C.

EXPERIMENTAL

Thechemical composition of thestudied dloy was
initialy targeted to be 30wt.%Cr, 1wt.%C, 15wt.%Ta,
and equal contentsinironand nicke: 27wt.% each of
them. Aspreviously specified by Energy Dispersive
Spectrometry!®, the obtained composition was
28.43+0.76wt.%Fe, 27.06+£0.91wt.%Ni,
31.60+0.43wt.%Cr, and 12.91+1.92wt.%Ta (the car-
bon content being not controllable by EDS). Theas-
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cast microstructureof thedloyisillustratedin Figure 1
by amicrograph taken with aScanning Electron Mi-
croscope (SEM) in Back Scattered Electrons (BSE)
mode. Thewhiteparticlesare TaC carbides, the blocky
ones of aprobably pre-eutectic origin and the script-
like onesof an obvious eutectic one. Some chromium
carbidesarea so present (thedark particles). Thema-
trix iscomposed of two parts. the palest oneisprob-
ably an austeniticiron-nickel solid solution containing
chromium, and aferritic darker one containing chro-
miuminespecialy high content. Their surfacefractions,
asmeasured by imageandysis, were4.19+0.90 surf.%
for theferritic part of matrix and 8.77+1.77 surf.% for
the tantalum carbides.

During the cutting performed to obtainthe part for
the metall ographi c examinations, three pardl e epipeds
of about 3mm x 7mm x 7 mm were also prepared,
Theseoneswereground with SiC papersof grade 1200
ontheir six faces, withwhich their edgesand corners
were also smoothed. The oxidation testswererun us-
ingaSETARAM TGA92 92-16.18 thermo-balance,
under aflow of dry syntheticair (80%N.,-20%0,). The
heetingwasredized at +20K min, theisothermd stage
at 1000, 1100 or 1200°C for 40 hours, and the cool-
ingrateat -5K min',
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Themassvariationswererecorded every 32 (test
at 1000°C) or 33 (1100 & 1200°C) seconds. The mass
ganfileswerecorrected fromthear buoyancy varia
tionsand plotted asmass gain versustemperatureand
exploited to specify thefollowing characteristics:

Heating

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

o eventud determination of theactivation energy

(if linear part inthe curve describing theinstan-
taneouslinear massgainratevarigionwithtem-
perature, plotted according to the Arrhenius
scheme),

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

. fina linear massgain rate when temperature
reachestheisotherma stageone;

| sother mal stage

o globa shapeof themassgain 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),

o Final massvariation.

RESULTSAND DISCUSSION

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 and the 1200°C curve (up to 1000°C) are su-
perposed whilethe 1100°C-curve’s one seems slightly
shifted. Thetemperaturesof oxidation start (defined as
being theones at which themassgainishighenoughto
be detected by the thermo-balance) arerather closeto
oneanother (TABLE 1), over a20°C-wide range only.

Over thesetemperatures of oxidation start thein-
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Figure2: Enlarged view of themassgain curvesrecorded
during heating until reaching 1000, 1100 or 1200°C
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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
785.9 799.6 780.7 rather good

stantaneous|inear kinetic constant increasesmoreand
morerapidly when temperatureincreases during the
heating, thisletting thinking heretoo to an exponentia
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 astraight
line. Thedopeof theregression straight lineled to the
valuesof activation energieslistedinthefirst line of
TABLE 2. They arerather scattered sincetheir values
are in the 42-120kJMol range. The second line of
TABLE 2 containstheva uesof thefina vaueof (dAm/
S)/dt when temperature reachesthe stageone. Thisul-
timatevalueof K, effectively increaseswithtempera-
ture, showingthat oxidationis, at thebeginning of the
isothermd stage, logicaly faster whenthestabilized tem-
peratureishigher. The massgainsachieved during the
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Figure3: Arrheniusplot of theinstantaneouslinear oxidation constant over thewholeheating (or only apart if thepoint’s
cloud isnot straight elongated); values of the slope of theregression straight line for deducing the values of activation
energies(displayed in TABLE 2)

TABLE 2: Valuesof theactivation ener gieschar acterizing the dependenceon temper atur eof thelinear oxidation constant K,
issued from the successive valuesof K, noted duringtheheating (over thelinear part of theArrheniusplot); valueof theK,
valueat thegtart of theisothermal stage

i ) 1000°C- 1100°C- 1200°C-
Q (J/Mol) issued from the In ((dAm/S)/dt) plot versus 1/T (K) during test test test
heating 42618 59822 120586
Fi nal_ 8val ue of K, (end of coaling, beginning of the isothermal stage 14.62 3185 76.06
(x10°g/cm?/s)
Mass gain at the end of heating (mg/cn?) 0.078 0.114 0.356

wholeheating aredisplayedinthethirdlineof TABLE  iseffectively really parabolic, with neither detectable
2. Thevaueislogicaly higher for ahigher temperature.  jumpsnor tendency to para-linear kinetic. In contrast
the mass gain curves obtained for 1100°C and for

1200°C are very irregular since affected by mass gain
When plotted asmassgain versustimetheisother- jumps

mal oxidation curvesarenot al parabolic. Theoneob- When plotted versustemperature (after having cor-
tained for anisothermal stagetemperatureof 1000°C  rected the massgain filesfromtheair buoyancy varia-
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TABLE 3: Valuesof thetemperaturesat which themassgain by oxidation during heating hasbecomesignificantly high

enough to bedetected by thether mo-balance

Oxidation Mass gain at the end of heating

Mass gain at the end of theisoth.

I sothermal mass gain

stage (mg/cm?) (mg/cm?);

(mg/lcm?); - :
test . . (sum of Proportion / heat.+isoth.
Proportion / heat.+isoth. (%) < and ) (%)
. 0.356 7.064
1200°C-test (4.80%) 7.420 (95.20%)
. 0.114 3.791
1100°C-test (2.92%) 3.905 (97.08%)
. 0.078 1.321
1000°C-test (5.58%) 1.399 (94.42%)
TABLE 4: Valuesof thetemper atur esat which spallation started during the coolingand 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) thermal cycle (mg/cm?)
1200°C-test 907.7 -2.44
1100°C-test 787.9 -2.57
1000°C-test 640.7 -1.48
tions) thethreecurvespresent afirst part which quit the 2.00E-03 _

. . . . . . spallation start temperature:
abscissaaxisleadingtothefind massgaindready given 640.7°C _
inthelast lineof TABLE 2. Thereafter, inthistypeof 1.50E-03 REN fotal mass gain

. - - ) <«— achieved
representation the oxidation curve becomes avertical J L before cooling:
straight linethelength of which representsthe part of 1.00E-03 583 1,399 mg/em”
massganwhichisisothermalyredlized. Thevauesof wE §
thisisothermal massgainaregiveninTABLE3(last & 5 goe-04 285y totalmass
column). To obtainthemthevalueof themassgainat <5 H Bl e
the end of theisothermal stagewasredinthefileand 2 0.00E+00  —— ¢ _e—heating:
subtracted by theval ueof thetotal massgainachieved 'S, 0.075 mg/en

. . . . 0 500 1000 1500

during the heating (already givenin TABLE 2 but re- § -5 00E-04

minded inTABLE 3). Logicdlythehigherthetemperaa g oxidation start

ture the higher the mass gain achieved during the 40 1 00E-03 LS ik

hoursof isothermal oxidation. The calcul ation of the T

proportionsin TABLE 3 showsthat thisisotherma mass L 50E.03

gal n ISOf Cour_se.the ma-l or part Of thetOtaI mass gal n . \Teta\ mass variation after return to

(94'97%) but it isalso truethat the mass gan a ready room temperature: -1.48 mg/cm?
-2.00E-03

realized when theisothermal stage sartsissignificant
(3-6% of thefina 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
rapidly andirregularly: thisisthe spalation of theexter-
nal oxide scalewhich startsat agiven temperatureand
which leadsto final masswhich may belower thanthe
previousoneif spdlation wasparticularly severe. Some-

temperature (°C)

Figure4: The{massgain ver sustemperature}-plot for the
wholether mal cycleof the 1000°C-oxidation test

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 the oxidized sample
combined withthe metallic e ementsmay belower than
themass of metallic elementslost asoxideswhenthe
scale— partly or wholly - quitted the samples. The val-
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Figure5: The{massgain ver sustemper ature}-plot for the
wholether mal cycleof the 1100°C-oxidation test
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Figure6: The{massgain ver sustemper ature}-plot for the
wholether mal cycleof the 1200°C-oxidation test
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Figure7: Oxidation during theheating/ comparison of thethreealloys

uesof thetemperaturesat which oxide spdlation started
during the cooling for thethree experimentsaswell as
thefinal massvariationsaregiveninTABLE 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,

Figure5 for the 1100°C-case and in Figure 6 for the
1200°-case, with in each case the designation by ar-
rowsof thelocationswheretheva uesof temperatures
or of massvariationswerered, aswell asthe obtained
valuesalready presented in the successivetables.

General commentaries

Globally theresults obtained here do not seem be-
ing very different from the corresponding ones previ-
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Figure8: Oxidation during theisother mal stage/ comparison of thethreealloys
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Figure9: Oxide spallation duringthecooling/ comparison of thethreealloys

ously obtained for the CoFe-based aloy™ and for the
NiCo-based one’?. To comparethem more accurately
additional graphicswereedaborated.

Concerning the heating phase the variationsof the
oxidation start temperature (left) and of thetotal mass
gain achieved during the heating (right) with the stage
temperatureareplotted in Figure7. It clearly appears
that oxidation starts sooner for the CoFe-based alloy

Woaterioly Stience - mm—"

than for thetwo other ones, with asresult ahigher mass
ganwhentemperaurereachestheisotherma stageone.

Concerning theisotherma oxidation thevariations
of thelinear oxidation constant at the beginning of the
stage (left) and of thetotal massgain achieved during
theisotherma stage (right) with the stagetemperature
areplotted in Figure 8. It seemsthat the NiCo-based
aloysoxidized d ower than thetwo other dloys, asre-
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veded by theitsgenerdly lower valuesof initid linear
constant and of wholeisothermal massgain.

Concerning thespd l ation of theoxidesca esformed
previoudy, thevariationsof thespdlation sart tempera:
ture (Ieft) and of thefina massvariation resulting from
thewholethermal cycle(right) withthestagetempera-
tureareplotted in Figure 9. Theresultsare more scat-
tered and itisdifficult to establish any order among the
threedloys.

CONCLUSIONS

Thisthird 30wt.%Cr-contai ning TaC-strengthened
aloy based on two elementsamong nickel, cobalt and
iron—the FeNi-based one —displayed globally the same
type of microstructure as the two first alloys, and a
behaviour in oxidation a high temperaturewhichisnot
far fromtheones of thesefirst dloys. Theoveral oxi-
dationratesarethuscloseto oneancther, al at arather
low level whichisagood thing (despitethetendency of
thesealloysto sca e detachment during theisothermal
oxidation). Themajor problem ismorethe systematic
loss- by thethreed loys- of theoxide scal esduring the
cooling dthough that thisoneisrather dow. Thisprob-
lem may become dramatic in case of frequent thermal
cycling. Tofinish, asfor thetwo dloysprevioudy stud-
ied, thesekinetic resultsobtained for this FeNi-based
alloy will be soon enriched by metall ographic ones'd
tofurther interpretation and understanding.
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