April 2009

Trade Science Ine.

Volume 5 Issue 2

A Tndéian Yournal

— Pyl Paper

M SAIJ, 5(2), 2009 [94-100]

|nfluence of the microstructure fineness on the high temperature
oxidation during heating and on the oxide spallation during
cooling for carbides-strengthened cast superalloys

Patrice Berthod*, Aurélie Chiaravalle, Steven Raude
Team ‘Surface and Interface, Chemical Reactivity of Materials’, Institut Jean Lamour, Department N°2, Chemistry and Physic of
Solids and Surfaces, Faculty of Sciences and Techniques, Nancy-University, B.P. 70239, 54506, Vandoeuvre-lés-Nancy, (FRANCE)
E-mail : Patrice.berthod@lcsm.uhp-nancy.fr
Received: 10" February, 2009 ; Accepted: 15" February, 2009

ABSTRACT

KEYWORDS

The heating parts and cooling parts of thermogravimetry curves obtained
for nickel-based and cobalt-based superalloys, solidified either slowly or
more rapidly, were studied in order to look for a possible influence of the
microstructure fineness on the first stage of oxidation (at heating) and the
resistance of the external oxide isothermally formed against spallation
(at cooling). Compared with a fine microstructure, a coarse microstructure
obtained by a dower solidification tends to enhance oxidation at heating,
with alower temperature of oxidation start and finally a higher mass gain at
the end of heating. A coarse microstructure also favours spallation, which
may be due to the greater quantity of oxide to which the coarse microstruc-
ture led because of a dightly faster isothermal oxidation compared to the
fine microstructure. A high temperature of isothermal oxidation, and the
presence of other very oxidable elements such as tantalum, also tend to
enhance spallation at cooling by either increasing the quantity of oxide
present before cooling, or by reducing the adherence of external chromiaon
the aloy surface. © 2009 Trade Sciencelnc. - INDIA
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INTRODUCTION

Themicrostructureof dloysresultingfromdassca
foundry practicedepends, not only ontheir chemica com-
position, but aso on the solidification conditions. For
examplethecoolingratea olidificationgovernsthegrain
size: thefaster the cooling, thefiner themicrostructure.
Thiscan have great consegquences on the behaviour of
thedloys, notably ontheir mechanica properties.

But thefinenessof themicrostructureof analoy or
superdloy obtained by solidification, may dsoinfluence

itsbehaviour in oxidation a hightemperature?, asal-
ready seen in previous studies®® for theisothermal
oxidation kinetic. The purpose of thiswork isto study
if thefinenessmay asoinfluenceother characteristics
of the behaviour of alloysin hightemperature oxida-
tion, more precisely thetransient oxidation at heating
andthedtability, or incontrary thespd|lation, of theexter-
na oxideformed onlongtimeinisothermd conditions,
whentheoxidized dloyiscooling.
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EXPERIMENTAL

Synthesisof thestudied alloysand prepar ation of
thesamplesfor the oxidation tests

Four superalloys, one Ni-based one and three Co-
based ones, were elaborated by High Frequency in-
duction foundry. Per dloy (chemica compostiongiven
inTABLE 1), oneingot wasdowly solidified (inasand
mould) and oneingot wasrapidly solidified (inametd-
licmould).All dloyscontained, inthegrain boundaries,
one or two types of carbides (eutectic Cr,,C, and/or
TaC) knownto bevery useful for reinforcing polycrys-
talline superalloysat high temperatures®”. These mi-
crostructures, the coarse ones (characterized by amean
spacing between two secondary dendritearms A = 50
um) andthefineones (A = 25um) areillustrated, and the
phasesdescribed, inthemicrographsgiveninfigure 1.

For each aloy, two (Ni1, Col or Co3) or six (Co2)
parallelepipedic (10 x 10 x 2mm?®) sampleswere cut
for the oxidation tests, one (or three) intheingot witha
coarse microstructure, and one (or three) in theingot
with afine microstructure. These sampleswere pol-
ished with 1200-grit papers, with smoothing of their
edges.

Thethermogravimetry testsperformed

The oxidation tests were performed during 100
hoursat 1000°C (all aloys), 1100 and 1200°C (only
the Co2 dloy for thesetwo higher temperatures), using
a Setaram TGA92 apparatus and under aflow of in-
dustrial air (80%N.-20%0,) of about 1.5L min™. The
hesting and the cooling before and after the 100h-iso-
thermd dwell, weredoneat +20K min® and-10K min
! respectively. After testing, the oxidized sampleswere
covered by a gold layer by cathodic plasma
pulverisation. Thisallowed theexterna surfaceto be-
comeelectrically conductive, for the growth of athick
electrolytic nickel coating deposited for mechanically
protecting the remaining parts of the external oxide
scalesformed. Thereafter sampleswere cut, embed-
dedinresin, polished and examined using aScanning
Electron Microscope (SEM, Philips XL30).

Analysisof thestart of oxidation at heating

Thethermogravimetry curvesweredrawn by
plotting the massgain versustime. Theequation of the
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Figurel: Microstructuresof thefour alloys(Nil: A, Col:
B, Co2: C, Co3: D) with a coar se (left) or afine (right)
microstructur e (Scanning ElectronsMicroscopein Back
Scatter ed Electronsmode)

TABLE 1: Chemical compositions of the studied cast superalloys

Weight% Ni_Co Cr _C W Ta Fe
NiT bd. / 30 07 75 0 75
Col 9 ba. 30 04 6 3 |/
Co2 9 ba. 30 04 [/ 6 I
Co3 9 bad. 30 10 / 6 |

linear increasein mass appearing in the high tempera-
ture part of the heating curvewasdetermined, and this
equation was used for correcting the measured values
from theArchimedes’ thrust which induced an appar-
ent massgain not dueto oxidation but dueto the buoy-
ancy variation of air whentemperatureincreased®. The
temperature of oxidation start during the heating was
then revea ed when themass gain accel erated and quit-
ted thislinearity. Thetotal massgainduring hestingwas
also deduced from the curves corrected from the
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Archimedes’ thrust, as well as the total isothermal mass
gan during the 100 hoursof isothermal dwell.

Analysisof thespallation of theexternal oxideat
cooling

Onthecooling part of the curvethe massevol ution
isamost horizonta, though one can seein some cases
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Figure?2: lllustration of thesuccessivestepsallowingthe
char acterization of both thetransient oxidation at heating
and thespallation at cooling: massgain plotted versusT
(a), determination of theequation of thelinear part of the
heating curve(b), corr ection with thisequation of thewhole
curveand analysisof thetransient oxidation (c) and of the
spallation (d)

asmall bending of oxide detached fromthe bulk under
the compressive stressprogressively developed during
cooling because of the differences of thermal expan-
sionor contraction coefficient betweentheoxides (o,
~ 10 x10° K*) and the dloys (o, ~ 20 x 10°K-)
(910 \WWhen temperature haslost several hundreds de-
grees, the mass beginsto decrease, either with alow
rate (it is then simply related to the increase in
Archimedes’ thrust which enhances the apparent mass
loss when the term (T-293K)/T (T = temperature of
the sample) increases more and morerapidly, or Sig-
nificantly faster (e.g. much higher than about -0.5ug/
cm?/K in the [25°C; 500°C] range) with amoreor less
irregular part of cooling curve, when spallation really
takes place. When spallation obviously occurred, the
temperature at which the phenomenon beginsand the
averagerate of masslossdueto spallation are assessed
onthecooling curve.

All thesedeterminationsareexplaned andillustrated
infigure2.

RESULTSAND DISCUSSION

Oxidation during heating

Although the heating rate was the samefor dl al-
loysandfor thetwo microstructurefinenessthereare
generaly differences about thetemperaturesat which
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Figure3: Sart of oxidation at heating and the cor responding massgainscurvesfor the coar seand thefinemicrostr uc-
turesof asamealloy in each graph; until 1000°C: Nil(a), Col (b) and Co3 (c); Co2 until 1000°C (d), 1100°C (e) or

1200°C (f)
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oxidation obviously started and the total mass gain
achieved when thetargeted temperature was reached.
It isespecially more obvious concerning the conse-
quencesof thedifferencesof finenessfor asamealoy,
asit canbeseeninfigure3inwhichthemassgansnear
the end of heating are plotted for both the coarse mi-
crostructure and thefineonein thesamegraph for each
dloy: if thevauesof temperatureof oxidation start and
total massgain during heating until 1000°C are seem-
ingly equal for the Ni-based superalloys (Ni1) there
aredifferencesfor thethree Co-based superdloyssince
oxidation sarted earlier (i.e. a lower temperature), and
thetotd massgainfindly obtained at theend of heating
wasgresater, for their coarse versonsthanfor their fine
versons. Incontrast thisorder isinversed for Co2 when
it wasoxidized until 1100°C whilethereisno significant
difference between thetwofinenessfor thisaloy when
it wasoxidized until 1200°C.

All values are graphically presented together in
figure4. Inthe histogram A, one can seethat thetem-
peratures of oxidation start at heating are amost the
samefor thetwo finenessof microstructureinthe case
of the superalloysNil and Co2. For thelatter onethe
average of thethree values measured for thethreetar-
geted temperatures 1000, 1100 and 1200°C was con-
sidered, sincetheisothermal oxidation must have no
influence of course. In contrast thetemperature of oxi-
dation start at heating seemsbeing several tenslower
for the coarse Col and Co3 thanfor their fine corre-
gpondingversions. Thehistogram B showsthat the heet-
ing until 1000°C induced higher mass gains by oxida-
tion for thecoarse microstructures, than for thefinemi-
crostructures, for all thefour superaloys. Theorder is
inversed at higher targeted temperature for the Co2
superaloy (theheating massgain of whichlogicalyin-
creases with thetargeted temperaturefor the two mi-
crostructurefineness).

Oxidegpallation during cooling

The cooling partsof thethermogravimetric curves
display different features, depending on both thedloy
and the microstructure fineness, asit canbe seenin
figure5. In addition, thetemperature at which the 100
hours-isothermal oxidationwasrealized, seemsaso
having an effect, as seenin the three pairs of curves
corresponding to the Co2 superalloy. For theNil and
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Temperatureof oxidation

massgain at theheating

Figure4: Histogramsrepresenting, for all alloysand for
thetwo microstructur efineness, theresultsof analysisof
the heating parts of thethermogravimetric curves: the
temper atur eat which oxidation started with ameasur able
mass gain (A) and the total mass gain dueto oxidation
achieved until reachingthetar geted isother mal tempera-
ture(B)

Co3 superalloys, the cooling thermogravimetric curves
areamost the samefor the two types of microstruc-
ture. At 1000°C too, in contrast there are differences
between thetwo microstructurefinenessfor the Col
superaloy and the Co2 one, since, intheir cases, spa-
lation occurred for the coarse versions and not for the
fineversons(for whichtherewasa soamassganjump
dueto oxide bendingin the case of Col).Thecooling
curves of Co2 after a 100h-oxidation at 1100°C are
affected by ajump dueto oxide bending (coarse mi-
crostructure) and asevere spdlation (finemicrostruc-
ture) which moreover began early, i.e. at atemperature
especialy high (about 800°C). After oxidation at
1200°C, spallation occurred very early too, with espe-
cialy rapid masslosses, whatever the microstructure
fineness

All theseresultsare summarized in thetwo histo-
gramsdisplayedinfigure 6. Onecan seethat spallation
systematically occurred for the superaloyswithacoarse
microstructure, at al temperature, whileonly two a-
loys (Ni1 and Col) with afine microstructure were
affected by thisphenomenon after isotherma oxidation
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Figure5: Occurrenceof spallation or not in themassgain curvesat coolingfor the coar seand thefinemicrostructures
of asamealloy in each graph; until 2000°C: Nil(a), Col (b) and Co3 (c); Co2 until 1000°C (d), 1100°C (e) or 1200°C (f)
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Figure6: Histogramsrepresenting, for all alloysand the
two microgtructur efineness, theresultsof analysisof the
cooling partsof thethermogravimetric curves: thetem-
peratureat which spallation started (if it occurred) (A)
and the corresponding masslossrates(B)

at 1000°C. In contrast, oxidation during 100 hours at
higher temperaturesthan 1000°C led to spallation for
al thealloys, whatever thefineness of the microstruc-
ture. Inversaly, thereisno systemati c dependence of

thetemperature at which spallation began on the mi-
crostructurefineness (figure6, A). Thisisalsotruefor
themasslossrate dueto oxide spdllation (figure6, B).

General commentaries

Differenceswerethusfound about both the oxida-
tion beginning occurring during theheating and thel oss
of oxide by spalation during the cooling, when thena-
ture of the concerned alloy changed and when its mi-
crostructure was more or less fine or coarse. In the
case of thetransient oxidation starting when thetem-
perature raised upto the isothermal temperature, it
seemed that acoarse microstructure favoured an early
oxidation (i.e. whentemperaturewasstill not very high).
Thiscould be explained by thefact that coarseinter-
granular carbides, which contain high concentrations of
very oxidabledements(Cr but also Tain somecases),
aremoreeasily exposed to oxidation. But onemust be
careful sincethethreetests performed with the Co2
superdloy (for threedifferent targeted temperatures)
led to different hierarchiesof temperature of oxidation
start between thetwo microstructurefineness. Itisthen
possiblethat there was a problem of reproducibility
which must be understand before concluding. Concern-
ing thetotal massgain achieved at theend of hesating,
the differences between the two microstructuresfine-
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Figure7: Histogram representing, for all alloysand the
two microstructur efineness, the massgainsobtained by
transient oxidation and isother mal oxidation befor e cool-

ing
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Figure8: Thetwo studied spallation char acteristicsplotted
ver susthetotal massgain dueto oxidation befor e cooling

ness could be morerelated to the temperature of oxi-
dation start than to this mi crostructurefinenesssince
thehigher thetemperature start thelower themassgain
at theend of heating.

Concerning the spd ation phenomenon, for cooling
from 1000°C it was more often the coarse microstruc-
turewhich led to spallation than thefineone. Thisis
inversed for 1100°C with the Co2 superalloy, while
gpallation occurred for thetwo microstructurefineness
for 1200°C. Thereforeone can think that spalation may
bemoreeasily related to the total massor thickness of
oxideobtained at theend of theisothermal oxidation. It
isthereason why the different total { transient +iso-
thermal} mass gains, measured on thewhol e curves
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Figure9: SEM micrographs of the oxidized surfaces of
theNil superalloy oxidized at 1000°C and the Co2 super -
alloy oxidized at thesametemper ature, both with thefine
microstructur e (taken in BSE mode)

presentedinfigure5, and summarized inahisogramin
figure7, weretakeninto consideration. Plotting thetwo
studied characterigticsof spalation versusthetotd mass
ganachieved just after isotherma oxidation show that
spallationisgeneraly favoured by agreat quantity of
oxideprevioudy formed (figure 8).

Another parameter which can beimportant for the
oxide spalationisa so thetype(s) of oxide(s) formed.
If the greatest part of externd oxidewaschromiafor all
alloys, the Ta-containing alloys can be concerned by
theappearance of aninterfacial and moreor lessregu-
lar oxideof both chromium and tantalum (figure9). As
previoudy encountered for nickel-based dloys'Y, itis
possiblethat theformation of aninner layer of CrTaO,
oxide could threaten the adherence of chromiaon the
superaloy surface. Thiscan explanwhy the Ta-richest
superadloys(Co2 and Co3, with 6wt.%Ta) encountered
gpdlation, evenfor thefinemicrostructure.

CONCLUSIONS

The characteristicsof the oxidation start at heating
aswell asthe spallation of the external oxideform at
cooling canvary with themicrostructurefinenessof cast
superdloysresultingfromtherateof their solidification.
Thisstudy tendsto show that the coarse microstructure
should favour an early oxidation, and asaconsegquence,
more oxideformed during the heating. But confirma-
tion may be needed because of afair reproducibility
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which could be dueto another parameter: maybethe
other principal texture characteristicwhichisdendritic
orientation. Resultswere clearer for oxide spallation
sinceahigh quantity of oxide, which dependsalsoon
themicrogtructurefinenessfor given oxidation tempera-
ture and duration, obvioudy promotesmore spalation.
Theroleof tantalum, favourableto spallation, wasaso
found again whatever themicrostructurefineness.
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