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ABSTRACT

KEYWORDS

When an aloy preliminarily exposed to high temperature in an oxidizing
atmosphereiscooled, itsexternal oxide protective scale can be more or less
lost, depending on the thickness of the oxide and on the characteristics of
the alloy. This spallation phenomenon was here studied for Ni-30wt.%Cr-
based alloys containing various amounts in carbon, by exploiting the mass
variations recorded in the cooling parts of thermogravimetry curves. It was
seen that chromia spallation tends to be more severe, in terms of cooling
before start, mass loss rate and final fraction of oxide loss, when the tem-
perature of previous isothermal oxidation is higher and when the carbides
fraction in the aloy’s microstructure is lower. This highlights probable ef-
fects of the quantity of oxide formed before cooling and of the thermal
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contraction of the alloy.

INTRODUCTION

After exposureto oxidizing aimospheresat high
temperature, heat-resistant alloysare covered by an
oxidescale protecting them from fast oxidation. This
protection supposesthat the scaleis continuous, ad-
herent enough, and made of astoichiometricoxide (such
asCr,0,andAl,O,) tolimit diffusion of ionsinvolved
inthe oxidation phenomenonZ. Unfortunately, tem-
peratureusualy doesnot remain constant onlong times
inservice, andthentheprotectivescaeispartidly (and
sometimeseventotally) lost because of the significant
differencesof therma expansion or contraction existing
between thebulk alloy and theexternal oxide. During
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temperature cycling, because of thisspd lation, therep-
etition of new and rapid oxidation of thedenuded aloy
accel eratestheimpoverishment in chromium or a u-
minium in the sub-cortical aloy areawhich canthen
rapidly looseitsinitid chromia-forming or duminaform-
ing behaviour. Depending on the thermal expansion
coefficients of both the oxide and the bulk aloy, but
also on the adherence of the scale on the aloy sub-
drate, theimportanceof theexternd oxideloss, interms
of mass|ossrateduring cooling or of final denuded sur-
facefraction, canbevery different.

Inthiswork, the phenomenon of loss of external
oxideby spalationisstudiedinthecaseof smplenickd-
based all oys containing variousfractionsin chromium
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carbides, thenfor variousthermad expansonbehaviours  are presented infigures 2-4 for atemperature of iso-

of thebulk and various densities of interdendritic car-
bidesemerging on surface.

EXPERIMENTAL

Thestudied alloys

Thedloyswhichwereunder consideration hereare
all based on nickel, added with the same content in
chromium (highenoughfor dlowingachromiaforming
behaviour for thedloys). Thereareonebinary Ni-30Cr
and six ternary Ni-30Cr-xC (withx equal t0 0.2, 0.4,
0.8, 1.2, 1.6 and 2.0) aloys, al contents being ex-
pressed inweight percent. Thesealoyswere synthe-
sized by high frequency induction casting (300kHz,
CELES furnace) in inert atmosphere (pure argon,
300mbars). In each case, fusion of pure dements (pu-
rity morethan 99.9wt.%, average mass of each ingot:
100g) and solidification of theobtained liquid dloy, were
both realized in the water-cooled metallic crucibl e of
thefurnace.

The thermogravimetry tests were performed at
1000, 1100 and 1200°C using a Setaram TGA 92
thermo-balance, following atherma cyclecongtituted
by aheating at 20 K min?, adwell at thetargeted tem-
perature during 50 hoursand acooling at -5 K min™.
Results (varying mass divided by sample area) were
plotted versustemperature. The cooling partsof these
curveswere especially examined, notably interms of
temperature of masslossbeginning, masslossrateand
fraction of oxideremaining on surface.

After lectro-deposition of areinforcing outer nickel
layer to prevent any additiona loss of oxideduring the
following operations, cutting, embeddingina{resin+
hardener} mixture, and polishing upto mirror state, the
oxidized sampleswereexamined with aScanning Elec-
trons Microscope (SEM, Philips XL30) in order to
observetheoxidized surfaces.

RESULTSAND DISCUSSION

Thermogravimetry resultsrecorded during cooling

Thewholemassgain curvesobtained areglobdly
all of thetypedescribedinthe synthetic curvedrawnin
figure 1, when plotted asafunction of temperature. They

thermal stage equal to respectively 1000°C, 1100°C
and 1200°C. They include successively:

-
mass
-

Ccs
(spallation)
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Figurel: Typical variationsof themeasured samplemaés
when plotted ver sustemper atur einstead of time
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Figure3: Massgain plotted versustemperaturefor the
low C alloys (left hand) and for the high C alloys (right
hand) for Tdwell =1100°C

o afirst heating part withamassgain only dueto the
decreaseinArchimedethrust (designed by “H dAt”
infigure 1), followed by asecond heating part in
which oxidation beginstoinduceareal massgain
(“H dAt+ox™),

o anisotherma part (“1 OX”) with a mass gain which
generally obeysthe parabolic Wagner’s law® (but
which cannot be evidenced herein thistype of rep-
resentation),

o afirst cooling part in which oxidation goeson and
leads to asmall mass gain which ismoreor less
compensated by adecreasein massdueto thein-
creaseinArchimede’s thrust (“C ox+iAt”  then
“CiAt”)

o andfinadly amoreor lessfast decreasein massdue
toamoreor lesssevereand progressive  spal-
lation of theexternd oxide (“C S”).

Woateriolsy Science  mmm——
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*Thermogravimetricresultsarenot availablefor the
Ni30Cr2.0C alloy oxidized at 1200°C
Figure4: Massgain plotted versustemperaturefor the
low C alloys (left hand) and for the high C alloys(right
hand) for Tdwell =1200°C

heating partswereal of the sametypewhileiso-
thermal oxidation led to more or lessgreat massgain,
depending on both temperature (the higher the tem-
perature, thefaster the oxidation kinetic) and thealloy
(oxidation ratetendsto increase when the carbon con-
tent increases, notably inthe [0 ; 0.8wt.%C] range).
Thecooling partsarea so dl of the sametype, asisto
say composed of afirst dmost horizontd first part (high
temperaturesside), followed by asecond part charac-
terized by amore or lessimportant slope. Only one
curve (Ni30Cr cooling from 1000°C) is different from
theotherssinceit presentsajump analogoustowhat it
was previously observed for s mple cobalt-based al -
loys¥, and which is probably dueto alocal detach-
ment (but without |oss) of apart of theexterna oxide.
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Figureb5: Differencebetween thedwell’s temperature and the temperature at which spallation begins at cooling, plotted
versusthemassgain at theend of theisother mal stage: 1000°C (left), 1100°C (middle), 1200°C( right)
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Figure6: Spallation’s rate during cooling, plotted versus
themassgain at theend of theisother mal stage:
1000°C (left), 1100°C (middle), 1200°C( right)

Analysisof theoxide spallation progress

One can supposethat thetemperature of spallation
beginning and the masslossrate, for asame cooling
rate, may depend on thealloy (notably itsthermal con-
traction behaviour and itspossibleinterna oxidation),
on the nature and thetotal thickness of oxide, and on
thetemperaturefrom which thecooling started (i.e. the
temperatureof isothermd stage, on whichthemechani-
ca behaviour of the oxide can depend).

From these considerations, three characteristics of
oxidespallation were examined, and plotted versusthe
total massgain before cooling. Figure5 displaysthe
decreaseintemperaturefrom the dwell’s temperature,
before start of spalation. Figure 6 showstheaverage
mass|ossratein thetemperaturerangewhere spalla-
tion occurred.

Figure 7 represents the fraction of external oxide

lost by spallation during thewholecooling (“Frac Oxid
Lost™), calculated by the following formula:

MassReturn Room Temp-—

M assGainEndI sothStage

FracOxid lost(%) = 100x -
Mass Oxid End Isoth Stage

inwhich

o “MassRetumnRoomTemp” is the mass difference {m,
-m} betweenthe beginning (initid massa room
temperature before heating, m) and theend of the
experiment (find massafter returntoroomtempera
ture, m),

“MassGainEndIsothStage” is the difference of mass
of the sampl e between the beginning of the experi-
ment (m) and theend of theisothermal stage; this
amost correspondsto the mass of oxygen having
joined the sample, m_, measured by the thermo-
baance,

“MassOxidEndIsothStage” is the mass of oxide
formed between the beginning of theexperiment and
theend of theisothermd stage; consderingthat this
oxideismainly Cr,0 %% thisquantity isrelated to
themassgain by thefollowing equation:

Mass Oxid End Isoth Stage=1x&xMCro
3 M 2~3
(©]

inwhichM_ andM_,, (k2 x M_+3 x M) are
the molar masses of oxygen and of chromia.

It must be noted that simplifying hypotheseswere
doneto obtain theseformula:
S1: Thevirtua massgain during heating (dueto the
decreasein Archimede’s thrust) is supposed negli-
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Figure8: SEM micrographsillustratingthe surfacestatefor someof the oxidized samples (1000°C).

giblewhen compared to the total mass of oxygen

havingjoinedthesamplebefore  beginning of

cooling (oxidation during thelast part of heating

andtheisotherma stage: m_),

Theeffect of theincreasing Archimede’s thrust on

themeasured samplemassduring cooling canaso

be neglected when compared with the mass|oss
by spdlation,

. Chromia(Cr,O,) isconsidered to bethemost im-
portant oxidein mass, by comparisonwith NiO
which canappear insmal quantity at thebeginning
of oxidation beforechromiadevel ops.

. Evenfor the highest stagetemperatures(1100and
1200°C) the massloss by chromiavolatilization
dueto re-oxidationinto volatile CrO, oxide can

be neglected.

Spallation seemsbeginning at alower temperature
(thenfor agreater decreasein temperature) for theal-
loyswiththehighest carbon contents (between 1.2 and
2.0wt.%) than for the other ones (figure 5). Secondly,
evenif thereisnowell established order with respect to
the carbon content, mass|osses seem being faster for
thealloyswith thelowest carbon contentsthan for the
carbon-richest alloys (figure 6). High masslossrates
are also seemingly favoured by high temperatures of
isothermal oxidation (or by great massesof external
oxideformed before cooling). Thiscanexplainwhythe
fraction of oxidelost noticed after returnto roomtem-
perature tendsto be moreimportant for the low-car-
bon aloysthan for the high-carbon ones, and for high

Watarioly Science  mmm—
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Figure9: SEM micrographsillustrating the surfacestatefor some of the oxidized samples (1100°C)
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temperaturesof isothermal oxidationthanfor low ones
(figure?).

Metallographic cross-sections of the oxidized
samplesallowed obtaining the SEM micrographspre-
sented infigures8-10for respectively 1000°C, 1100°C
and 1200°C. One can seethat some parts of external
oxidewereeffectively lost sinceeither thereare parts
of denuded aloy, or the oxide scales have obviousy
lost their more external part. These micrographsaso
allow seeing qualitatively that thereisasingletype of
oxide, chromia, and that voidshave sometimesgppeared
inthe sub-cortical zonewhichwasaffected by oxida
tion (and which haslost itscarbidesin the case of the
carbon-containing aloys).

=
e
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Figure10: SEM micrographsillustrating the surface statefor some of the oxidized samples (1200°C)

General commentaries

Itisafter adecreaseintemperatureof severa hun-
dredsdegreesthat sca e spalation begins, withamass
losswhichwas generally amost continuous. Themass
lossrategeneraly tendsbeing faster for thelow carbon
aloysthanfor the otherswith the highest carbon con-
tents, and itisaccel erated for thehighest dwell’s tem-
perature (1200°C). There was also atendency to a
pleating of theexternd oxidesca e, asseen on metalo-
graphic cross-sectionsat room temperature, for theal-
loyswithlow carbon content, which highlightsacom-
pression of the scale during cooling. Itiswell known
that thedifference of therma expans on behaviour be-
tween andloy anditsexternal oxide (coefficient lower
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thanthealloy’s one) favours spallation. This is true for
these alloys based on Ni-30wt.%Cr sincethereis ef-
fectively asignificant difference of thermal expansion
coefficient between thetwo: around 18x10° K- (with
atendency to lower values when carbides are more
present)’ for the alloys and less than 10x10° K- for
chromi&. Thisacted heretoo, with an easier spallation
of oxidefor thelow-carbon aloysfor which thediffer-
ence of thermal contraction between aloy and oxide
wasafew greater than for thehigh-carbonaloyswhich
display, because of higher carbidefractions, atherma
expansion slightly lowered (then alittle closer to the
chromiaone). In addition, it isalso possiblethat the
presenceof carbidesfavouredinternd oxidationwhich
could, inanother way, dightly improvethe adherence
of chromiaonthealloy’s surface. But this was not re-
aly obvioushere.

CONCLUSIONS

Exploiting the cooling parts of thermogravimetric
messurementsafter oxidationat hightemperaturesduring
anisothermal stage allowed revealing here possible
relationships between, one the one hand the
characteristics of the oxidized sample (total amount of
external oxideobtained on surfaceuntil cooling tarts;
carbidefractionsinthebulk), and on theother hand the
characteristics of the scde spallation (temperatureloss
before beginning, rate of mass loss, fraction of lost
oxide). Thisillustrated theinterest to also consider, in
additionto the massgain parabolickinetic of isotherma
oxidation, this part of the measurementsfilestoget a
first information about the persistence of theformed
oxideprotecting thealloy whenthisonecoolsdownto
lower temperatures, beforeeventually performing real
cycling oxidation experimentswhich areof coursemuch
richer in knowledge about resistance against oxide
gpdlationinthermd cycling.
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