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ABSTRACT

KEYWORDS

The chromium-rich nickel-based alloys without hafnium or with high
contents in Hf, previoudly studied in oxidation during their heating up to
1000°C and 1100°C, were here first characterized in 46 hours-long isothermal
oxidation at these temperatures. Second, the cooling parts of the
thermogravimetry curves were also exploited, to specify their resistance
againgt oxide spallation. Thetotal mass gai ns achieved during theisothermal
stages were logically higher for a higher temperature, and slightly lower in
presence of hafnium for less than 5wt.% of this element. Beyond this limit
the oxidation rate may become higher than in absence of hafnium. Concerning
the resistance against oxide spallation during cooling the beneficial effect of
hafnium, well known for much lower Hf contents, still exists with the Hf
contents considered in this work. Chromium-rich nickel-based alloys
containing so high Hf contents, for example destined to reinforcement by
HfC carbides, till present good behaviour in oxidation at high temperatures,
with additionally improvement for notably oxide scale spallation.
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INTRODUCTION

Added to hightemperaturealoysand superdloys
belongingto al families (Co-based, FeNi-based...) to
improvetheir high behaviour in oxidation at hightem-
peraturé®, hafnium can benotably foundin nickel-based
dloys, inbulk materia §24 aswell asbond coat or coat-
ings™>8. Themost commonly evocated effectsof hafnium
are adecrease on oxidation rate and the improvement
of theadherence of theexterna protectiveoxidescales
coveringthealloysduring therma cyclingfor example.

Hafniumisgenerally added in rather small quantities
(typically 1 wt.%) but it can beinterestingto investigate
itsinfluencewhenit ispresentin higher quantities.
Nickel aloysrichinchromium and containing ex-
ceptionaly high amountsof hafnium (about 4 wt.% and
more) were previously elaborated to study the as-cast
mi crostructureswhich may be obtained in presence of
carbon (with aspecia 100k to thecharacteristicsof the
obtained carbides)®. Thereafter thebehaviour of these
aloyswerestudied in oxidation at high temperature at
1200°Clo, Sinceitisalso interestingto analysethe
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oxidation of suchdloysat |lower temperatures, theavail-
ability of thesealoysallowed their characterizationin
oxidation at 1100 and 1000°C. In a recent work
thermogravimetry testswithisothermal stagesat these
last temperatures were realized and the oxidation
behaviour of thesealloysduring heating andysed*?. In
the present work thisaretheisothermal oxidation at
1000 and 1100°C and the oxide scale adherence which
will becharacterized.

EXPERIMENTAL DETAILS

Thealloysof thestudy

One can remind that the nickel-based aloys con-
tain achromium content (25wt.%Cr for dl of them, tar-
geted va ues) high enough to favour achromia-forming
behaviour and two types of carbon contents (0.25 and
0.50wt.%, targeted vaues). Threealoyswerewished
withtwo levelsof hafnium (3.72 and 5.58wt.%Hf, tar-
geted vaues) and two aloysdo not contain Hf (alloys
added for comparison). All dloyswereearlier prepared
by foundry from puredements¥. Theresultsprevioudy
obtained concerning their oxidation behaviour at
1200°CH1 will beincluded in the present study to
enrichtheanaysis. Namesand real chemica composi-
tion (measured by Energy Dispersive Spectrometry) are
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reminded thereafter:

° “Ni-25Cr-0.25C-3.72Hf: 25.70wt.% Cr and
4.40wt.%Hf (Co: bal ., C: not measured)

° “Ni-25Cr-0.50C-3.72Hf: 25.57wt.% Cr and
4.79wt.%Hf (Co: bal ., C: not measured)

° “Ni-25Cr-0.50C-5.58Hf: 25.32wt.% Cr and
6.64wt.%Hf (Co: bal ., C: not measured)

o “Ni-25Cr-0.25C”: 23.79wt.% Cr (Co: bal., C:
not measured)

o “Ni-25Cr-0.50C”: 22.74wt.% Cr (Co: bal., C:
not measured)

A short description of the as-cast microstructures
of thesedloyswasaready giveninthefirst part of this
work™: an austenitic nickel-chromium solid solution
matrix and carbides of two typesin theinterdendritic
spaces. hafnium carbidesand in somecaseschromium
carbidesintheHf-containing dloys, but only chromium
carbidesintheHf-freedloys.

Thermogravimetry testsand exploitation

The parallelepiped samples used in the
thermogravimetry tests, cut in the centreof ingotsel abo-
rated by high frequency induction meltingininert aamo-
sphere, were ground with 1200-grade SiC paper (the
six faces and the edges and corners). The oxidation
testswere performed with a Setaram TG92 thermo-

Ni-25Cr-0.25C-3.72Hf
0.0030

0.0025 ==1200°C
—1100°C

0.0020 —1000°C

0.0015

0.0010

|
|

0.0005

0.0000 | ; 1
500 1000 1500

-0.0005

-0.0010

-0.0015

temperature (°C)

Figurel: Thewholemassgain curvesplotted ver sustemperature(after correction fromtheair buoyancy variationd'?)inthe

case of thetwo {0.25wt.% C}-containing alloys
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Figure2: Thewholemassgain curvesplotted ver sustemperature(after correction fromtheair buoyancy variationd)inthe

case of thethree{0.50wt.% C}-containing alloys

balanceindry synthetic air, following athermal cycle
composed of aheating at 20°C min™, an isothermal
(1000 or 1100°C)-stage during 46 hours, and a cool-
ing at -5°C min™. Thetotal massgainsresulting from
theisothermal oxidation was consdered, and cooling
partsof the massgain curveswereexploited according
toamethod earlier presented in previouswork™: mass
gansplotted versustemperature (instead versustime)
were corrected from thevariationsof ar buoyancy, and
the cooling partsof the obtained new curvesledto:

. the temperature at which the curve becomes
irregular during cooling because of oxide spd-
|ation (oxide spdlation start temperature)

. thefinal massvariation (which dependsonthe
globa oxidation kinetic and on the severity of
theoxidespdlation)

RESULTSAND DISCUSSION

The{massgain ver sustemper atur e}-cur ves:. iso-
thermal part and cooling part

Thewholecurves(plotted versustemperature af -
ter correctionfromtheair buoyancy variations) obtained
for thetwo { 0.25wt.%C} -containing dloysfor thethree
temperatures aredisplayed in Figure 1. What can be
globally seenisthat theisotherma massgainlogicaly

increaseswith temperature and that the Hf-containing
aloy oxidized sgnificantly dower thanthe Hf-freeone,
thisat each of thethreetemperatures.

Concerning thebehaviour of theexterna scaledur-
ing the cooling, one can seethat theisothermally oxi-
dized at 1000°C Hf-free alloy did not lose parts of'its
externd oxideduring thecooling downto ambient tem-
perature. In contrast spallation gppearsonthe 1100°C-
curveand it was previously seenthat it wasespecialy
severe after isothermal oxidation at 1200°C (negative
mass gain after return to room temperature). For the
Hf-containing aloy spalation did not occurred during
cooling after isothermal oxidationat 1100°C. After iso-
therma oxidationat 1200°C, one can remind that con-
tinuousspd lationtook placebut with anot so highmass
lossat theend (after returnto room temperature).

Thewhole curves (plotted versustemperature af-
ter correctionfrom theair buoyancy variationsagain)
obtained for thethree{ 0.50wt.%C} -containing aloys
for thethreetemperaturesaredisplayed in Figure2. In
the three graphs one can see again that the higher the
46 hours-isothermal oxidationtemperature, thehigher
the achieved massgain. By observing the cooling parts
of the curves one can seethat the Hf-free aloy knew
rather continuousoxidespd|ation duringthecooling after
the 1100°C stage while the oxide loss is more severe
(negativefinal massvariation) andirregular duringthe
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Figure3: Histogram presenting for thefivealloysthevaluesof thetotal massgain achieved duringtheisothermal stage
(exclusively) realized at either 1000 or 1100°C (this study); the ones previously obtained for 1200°C in an earlier work!*? are

alsoadded

cooling after the 1200°C stage. The {0.50C-3.72Hf}-
containing alloy was not affected by oxide spallation
during cooling neither from the 1000°C stage nor from
the 1100°C stage. During the cooling from 1200°C it
seemsthat oxide spd lation happened but very continu-
ously. However thefinal massvariation wasnegative.
No spallation occurred during the cooling from 1000°C
and during the cooling from 1100°C for the {0.50C-
5.58Hf} -containing dloy. A continuousoxidel ossseems
having taken place during thecooling from 1200°C but,
in contrast with the{0.50C-3.72Hf} -containing dl oy,
themassgainwasdtill positiveafter returnto roomtem-

perature.

The commentsmade above quditatively about the
isothermal oxidation are confirmed by seeingthistime
the quantitative data presented in Figure 3. Inthetop
histogram, and especidly intheenlarged view givenin
thebottom histogram, it appearsclearly that the addi-
tion of hafnium decreasestheisotherma massgainfor
al dloysat 1000 and 1100°C. At 1200°C this was not
so clear!' since thiswas the contrary which was ob-
served for the 0.50C-dloys. However thefast increase
inisotherma massgainfor 1000°C and 1100°C ifthe
Hf content isparticularly high ({ 0.50C-5.58Hf} -con-
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Figure4: Histogram presenting thevaluesof thetemperatureof spallation start duringthecooling, for thefivealloys, after
isother mal stagerealized at 1000 or 1100°C (this study), and also at 1200°C (previous study!®); spallation for only thefour

first alloysafter isothermal oxidation at 1200°C
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Figure5: Histogram presenting the values of final mass gain at the end of cooling, for the five alloys after isothermal
oxidation at 1000 or 1100°C (this study), and also at 1200°C (previous study'?)

taining aloy}, wasalso found earlier for 1200°C19,
Oxidespallation at cooling

Thebehaviour of thealloysconcerning the oxide
gpdlation during the cooling after theisotherma stage
can beshortly described by threecriteria: existence of
gpallation or not, in case of spallation temperature at
whichit occurred, and find massof theoxidized sample
after return to room temperature (measured in the

Wotoioly Science  mm—

thermo-bal ance since additional oxidelossmay hap-
pen during the manipul ation of the oxidized sampleout-
sde).

Oxide spd lation during cooling occurred only dur-
ing the cooling from 1200°C for all alloys, and also
during the cooling from the 1100°C-stage for the Ni-
25Cr-0.25C dloy. For thislatter aloy, itisvisiblein
Figure4 that thetemperaturea which amasslosswhich
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Figure6: Surfaceaspectsof theoxidized samplesafter cool-
ing down to room temper atur e from 1000 or 1100°C (tem-
peratur esof isother mal oxidation); imagesissued from scan-
ning using an office scanner

5.58 Hf

can beattributed to oxide spallation was detected, is
lower for the cooling from the 1100°C-stage than for
the cooling from the 1200°C-stage. For all alloys, for
the cooling from the 1200°C-stage during which spal-
lation occurred, it clearly appeared™ that the presence
of hafnium, and if effectively present ahigher hafnium
content, delayed the spallation start to lower tempera-
tures. Indeed the spdl | ation start temperaturewas | ower
for the 0.25C-3.72Hf aloy than for the 0.25C one,
and lower for thefor the 0.50C-3.72Hf alloy than for
the0.50C one. In addition, increasing againthe Hf con-
tent for 0.50C-aloy diminished againthe oxide spala-
tiontemperature.

Thefind massgansafter returntoambientisgraphi-
caly presented in Figure 5, with again the presence of
the results for the 1200°C-stage tests!'%. At 1200°C
theresidua massgainsweregeneraly higher withthe
presence of hafnium and withits content. For 1000 and
1100°C this is systematically true.

Theoxidized statesof thefivealoysafter 46 hours

—== Pyl Paper

—oxidation at 1000 or 1100°C and cooling to ambient
temperatureareillustrated in Figure 6 by imagesissued
from scanning. Thesamplesseemtobeal wholly cov-
ered by theexternal oxide. However, thetwo samples
having shownirregular cooling partsand low or nega
tivefina massgains(thetwo Hf-freedloyscooled from
the 1100°C-stage) have here and there lost small par-
ticlesof externa oxidewith consequently local appear-
anceof themetallic substrate.

General commentaries

Theexploitation of thefina 1000°C-and 1100°C-
isothermal oxidation massgainsand of thecooling parts
of thethermogravimetry curveswerethusvery useful
to characterize theeffect of the presence of hafniumin
nicke-based dloysin so high proportions. Frst themass
gainsat theend of theisothermal stageswereclearly
decreased by the presence of hafnium, except in the
case of the{ 050C-5.58Hf} -alloy which was probably
toorichinthiselements(real content 6.64wt.% mea-
sured by EDS). Itispossiblethat inthisaloy’s family it
existsalimit Hf content between 5 and 6 wt.% (real
content) beyond which Hf istoo much exposed to oxi-
dation and bring asignificant contribution to the mass
gain.Alwaysfor thisaloy’s family the Hf contents were
never too highto possibly inversethe beneficial effect
on theadherence of the oxide scaleduring the cooling.
Thereisseemingly no such limit for the Hf content bel-
low 7wt.%Hf for this second property.

CONCLUSIONS

After having previoudy seenthat such high Hf con-
tents may sometimes|ead to sooner oxidation start dur-
ing heating and to higher total mass gainswhen reach-
ing theisothermal stage beginning, one saw herethat
theisotherma oxidation may bedsoalittleaccd erated
but only for the highest Hf content tested here. Indeed
thebeneficid effect of thiselement generally observed
for much lower Hf contents still existsfor lessthan
5wit.%Hf (real content). Despitethat onecaninitialy
fear that so high Hf contents may deteriorate the gen-
erd hightemperature oxidation behavior of thesealoys
Hf doesnot threaten their resistance against this phe-
nomenon. Onthe contrary theresistance against oxide
gpdllation during cooling (and then probably during ther-
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mad cyding)isdtill improved by comparisonwithequiva:
lent Hf-freedloys. Hf can bethusseemingly presentin
aloyswith very high contents, for exampleto develop
sgnificant HFC network for high temperature mechani-
cal resistance purpose, without bad consequencesfor
theresistanceto oxidation at high temperature of these
nickel aloysandfor other smilar aloyschromium-rich
nicke-based dloys.
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