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ABSTRACT

Thermal cycles may induce apartial or total |oss of the oxide scale formed
before at high temperature on the external surface of aloys. This loss is
logically attributed to thethermal contraction during cooling, whichisoften
more important for alloy than for oxide. The purpose of the second part of
thiswork isto examinethe effect of the presence of tantalum on the progress
of oxide spallation during cooling for nickel aloys. Thiswas characterized
by exploiting the cooling parts of thermogravimetry curves obtained for
chromia-forming nickel-based all oys, el aborated by foundry and containing
or not tantalum. It appeared that this element, which oxidizesinto amore or
less continuous sub-cortical second layer, seem deteriorating the adherence
of external chromia on alloy. Consequently, at cooling, spallation of the
externa oxidescaeoccursat higher temperaturesand itskineticisaccelerated.
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INTRODUCTION

During exposureto high temperaturein oxidizing
atmospheres, refractory dloysare protected by an oxide
scaewhich preventsfast oxidation*2. In service, this
scdeisunfortunately logt, partidly and even sometimes
totally, since temperature does not usually remain
constant onlong times. Indeed thermal cyclinginduces
differentia expansonsor contractionsbetween thebulk
alloy and theexternal oxide scalewhichleadstolocal
or total detachment of thelatter. This has detrimental
effectson theresistance of thealloy against oxidation
snceit threastensthe duration of the chromia-forming
behaviour. If the difference of thermal expansion

coefficients between oxide and bulk is of great
importance for the spallation phenomenon, another
important factor is the adherence of the oxide scale
formed onthealloy surface.

Inthissecond part of thiswork, attention isfocused
on the possible influence of the presence of another
highly oxidable element - tantalum - on theadherence
of theexternd chromiascade. Theretoo, thiswasstudied
by analysing the cooling parts of thermogravimetry
curves (followingisothermal oxidation) obtained for
three Ta-containing nickel-based alloys and by
comparingwith smilar resultsobtained for two Ta-free
ternary alloys with the same chromium and carbon
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contents. Thelatter resultswere aready presentedin
thefirst part of thiswork.,

EXPERIMENTAL

The studied alloys are all based on nickel added
withamost thesame contentsinchromiumwhich dlows
achromia-forming behaviour. Therearetwo ternary
Ni-30Cr-xC (with x equal t0 0.2 and 0.4) alloys, and
three quaternary aloysNi-31Cr-0.2C-2Ta, Ni-32Cr-
0.4C-2.7Taand Ni-31Cr-0.4C-5.4Ta(all contentsin
weight percent). All alloyswere synthesized by high
frequency induction casting (300kHz, CELESfurnace)
ininert atmosphere (pureargon, 300mbars). Fusion of
pure elements (purity more than 99.9wt.%, average
mass of each ingot: 100g) and solidification were
achieved inthesamecold copper crucible.

Thethermogravimetry testswere performed during
50 hours (ternary alloys) or 100 hours (quaternary
dloys) usngaSetaram TGA 92 thermo-bdance(cycle
heating at 20 K min, dwell at 1000, 1100 or 1200°C
during 50 or 100 hours, cooling at -5 K min?).
M easured massesdivided by sample areawere plotted
versustemperature. The cooling partsof these curves
were especially examined, notably in terms of
temperature of masslossbeginning, masslossrateand
find samplemass.

After special metallographic preparation’®, the
oxidized samples were examined using a Scanning
ElectronsMicroscope (SEM, Philips XL30) in order
to observe the oxidized surfaces and distinguish the
different typesof oxidesif any.

RESULTSAND DISCUSSION

Thermogravimetry resultsrecorded during cooling

All theobtained massgain curvesare globally of
the type described in the synthetic curve aready
presented in the first part of this work®. All are
presented infigure 2 (curvesobtained at 1000°C for all
aloys), figure 3 (1100°C) and figure 4 (1200°C), and
incdludesuccessvely:
= A heating part withinitialy amassgain only dueto
thedecreasein Archimedethrust, and after with an
additional massgain really dueto oxidation which
startswhen temperatureis become high enough,

= An isotherma part with a mass gain obeying a
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Figurel: Massgain plotted versustemperaturefor the
Ta-free(top) and the Ta-containing (bottom) nickel-based
alloysfor T, =1000°C

dwell
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parabolic* law versustime (*: not visiblehereinthis
typeof representation),

= A cooling partinwhichfirst oxidation goesondowly
and co-exigtswith theincreasein Archimede’s thrust
dueto cooling, and second spallation occurswith a
moreor lessfast mass|oss.

However, therearesevera differencesbetweenthe
curves. Indeed, if the heating partsarealmost dl of the
sametype, theisothermd type dependson temperature,
onthealloysfor whichisotherma oxidationismoreor
lessrapid, and ontotal duration whichis50 hoursfor
theternary aloysand 100 hoursfor thequaternary ones.
Neverthdess snceinthelatter casethemassgainduring
the second half of durationissignificantly lower than
the mass gain obtain during thefirst half (massgain
function of a square root of time according to the
parabolic law), it seemsthat the oxidation of the Ta—
containing aloysisfaster than the oxidation of the Ta-
freedloysat the sametemperature. Thisconfirmsthe
order of oxidation parabolic constants K p with respect
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Figure2: Massgain plotted versustemperaturefor the
Ta—free (top) and the Ta—containing (bottom) nickel-based
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Figure3: Massgain plotted versustemper aturefor the
Ta—free (top) and the Ta—containing (bottom) nickel-based

alloysfor T, =1100°C alloysfor T, =1200°C
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Figure4: Differencebetween thedwd|’s temperature and the temperature at which spallation begins (cooling part),
plotted ver susthemassgain at theend of theisother mal stage: 1000°C (left hand), 1100°C (middle), 1200°C( right

hand)

to the presenceof Ta, earlier seen about such dloys*d.

Other differences can be also noted about the
cooling parts, which are of specia interest here. In
contrast with ternary cobalt-based alloys with similar

chromium and carbon contents®, these all oys do not
present mass gain jump in the cooling parts of their
thermogravimetry curves, for most of them (i.e. except
for Ni30Cr0.4C2.7Taafter oxidation at 1000°C, figure
1). But differencesarise, notably betweenternary dloys
—— olerioly Sci
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Figure5: spallation’s rate during cooling, plotted versus the mass gain at the end of the isothermal stage: 1000°C (left

hand), 1100°C (middle), 1200°C (right hand)
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Figure 6: fraction of chromia lost at cooling because of spallation, plotted ver susthe massgain at the end of the
isothermal stage : 1000°C (left hand), 1100°C (middle), 1200°C (right hand)

and tantalum-containing alloys, when one consider
gpallation, moreprecisely thetemperature at which a
decreasein massduetothelossof externd oxideoccurs,
and therate of masslosswith cooling time. The most
visibledifferences concern mainly thetotal massloss
weighed after return at room temperature, but a so the
rate of massloss.

Analysisof theoxide spallation progress

Sinceonecan supposethat temperatureof spdlation
beginning and masslossrate may depend ontheadloy,
thenatureand thetotd thickness of the oxide (presence
of Taor not, 50h or 100h of isothermal oxidation), and
on thetemperature from which cooling started, three
characteristics of oxide spallation were studied versus
thetotal massgain before cooling, asdoneinthefirst
part of thiswork™. Figure4 displaysthedecreasein
temperature from theisothermal oxidation onebefore

spdlation’s start, Figure 5 shows the average mass loss
rateinthetemperaturerangewherespalation occurred
and Figure 6 representsthe fraction of external oxide
lost by spdlation during thewhol e cooling (theformula
used and the hypotheses donewere aready givenin
thefirgt part of thiswork™).

It appearsfirg that spallation beginsfor theternary
alloys at a lower temperature (then for a greater
decreaseintemperature) thanfor thetantad um-containing
aloys(figure4), maybe because of amoreimportant
mass of oxide (pointscorresponding to thequaternary
aloysaremainly ontheright of thegraphs). Themass
lossesared so significantly faster for the Ta—containing
dloysthanfor the Ta-free ones (figure 5). It is true that
most of the curves corresponding to the Ta-containing
dloys(figures1-3, bottom) present afal especidly repid
when spallation occurs, notably after oxidation at
1200°C. Consequently, thefraction of oxidelost noticed
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Figure7: SEM micrographsillustrating the surface state of the oxidized samples(1000°C)
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Figure8: SEM micrographsillustrating the surface state of the oxidized samples (1100°C)

after returnto room temperature, issignificantly more
important for the Ta-containing alloysthan for the Ta:
free ones, as seen both on thermogravimetry results
(figure 6) and on the metall ographic cross-sections of
theoxidized samples. Indeed, infigures 7-9 (respectively
for 1000°C, 1100°C and 1200°C), one can see that
some partsof external oxidescan betill observed on
the surface of the Ni-Cr-C alloyswhilethe Ni-Cr-C-
Taoxideshaveamost al lost their external oxidescae
and canonly present their Ta-containing interna oxides
(CrTao,).

General commentaries

For thestudied dloysthescdespdlation generdly
begins after several hundreds degrees of cooling. In

most casesthemass|ossismoreor |ess continuous but
it can occur abruptly as seen here with some of the
quaternary dloysoxidized at 1200°C. Becauseof oxide
gpallationthefina massof thealloysare often lower
thaninitidly, although the oxidation phenomenonledto
anincreasein massat hightemperature.

Thestudied characteristicsof spallation, amount of
decrease in temperature before spallation starts or
average mass|ossrate during spalation, seemsbeing
dependent on themass of oxideinitially formed, but it
appearsthat the major factor is here the presence of
tantalum and maybe also its content in aloy. Indeed,
gpallation occurs sooner for thetantal um-containing
aloysthanfor thetantal um-freealoys. Masslossrates

———, P ploricly Seience
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Figure9: SEM micrographsillustrating the surface state of the oxidized samples(1200°C)

aredsofagter when tantalumis present (with atendency
to asudden breskdown for cooling from 1200°C), with
consequently alower oxidefraction as seen with both
thermogravimetry and metallography. Thisisto be
compared with thetendency to oxidedetachment during
isothermal oxidation previously observed for similar
aloys” (massgain jumpsin curvesrepresenting mass
gainversustime) but which werenot observed for Ta-
freeternary aloyswith the same carbon and chromium
contents®.

Thisisnot directly related to thetotal oxide mass
obtained at the end of isotherma oxidation (whichis
effectivey generdly higher for thequaternary dloysthan
for the ternary ones), since some quaternary alloys
(oxidized at 1000°C, respectively 1100°C) are more
affected by spdlation than someternary dloys(oxidized
at 1100, respectively 1200°C) for similar massoxides.
Onecan supposethat itistheinternal oxide (CrTaO,,
white when observed with the SEM in BSE mode),
whichisrespons bleof abad adherenceof the external
oxideonthealloy surface. Indeed, thisinternal oxide
tendsto partialy develop asan inner layer separating
theexterna chromiaoxidesand thedloy, notably when
the Ta content in aloy is high or when the stage
temperatureishigh (figure9), with tantalum diffusing
from anincreasing depthinthebulk.

CONCLUSION

Theoxidespdlationwhich affectsdloyswhentheir
temperaturedecressesafter amoreor lesslong oxidation,

cannot beredly avoided becausethethermd contraction
of dloys(15t020 x10° K1) isgenerdly faster thanthe
external oxide one (lessthan 10 x 10 K1), But, as
seen herewith smple chromia-forming nickel-based
aloysadded or not with tantalum, the phenomenon may
be accelerated if an additional highly oxidable minor
element isadded and forms an oxide separating alloy
and chromia, withadetrimenta rolefor theadherence of
theprotectiveexternd scae. Itisprobablethat thiseffect
was here enhanced since tantalum was ableto diffuse
towardsthefront oxidation and leadsto asecond oxide
especidly present at theinterface.
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