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ABSTRACT

The heating parts of thermogravimetry curves initially performed with al-
loys or superalloysfor studying their behaviour inisothermal oxidation, can
be easily corrected from the Archimede’s thrust in order to examine how
oxidation acts during the heating. This was done in this work for several
cast nickel-based aloys, abinary Ni-30Cr, six ternary Ni-30Cr-(0.2t02.0)C
and three quaternary alloys containing Ta, for the same heating rate. The
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temperatures at which oxidation induced mass gains high enough to be
detectable were all higher than 800°C, but with a reproducibility which can
depend on the presence of tantalum for example. The total mass gain ob-
tained at the end of heating was also studied versus the chemical composi-
tion of the alloys. Tantalum enhances oxidation during heating.
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INTRODUCTION

When exposed to high temperaturesin oxidizing
amospheres, metdlicaloysundergo oxidation by gases,
notably by oxygen in aerated gaseous mixturestl. In
red Stuation, themetdlic piecesusedin hot conditions
aregenerdly neither wholly at the sametemperature,
nor at atemperature constant versustime. Neverthe-
less, thekinetic of their oxidationisoften specifiedin
isothermal conditions, like during thermogravimetry
tests, except incyding oxidation testsfor whichthemass
loss dueto oxidation followed by oxide spalationis
often thesingleresult recorded. Thermogravimetry re-
sultsare currently devoted to the specification of the

Wagner’si3 constant K p characterizing the parabolic
Kinetic of massgain. But they can be moreover used,
not only for studying oxide spallation®4, but also for
specifying the characteristicsof initial oxidation of the
metallic surfaceduring heating.

The purpose of thispaper isto study themassgain
measurements recorded during the heating part of
thermogravimetry runsin the case of cast nicke-based
alloys containing varied natures and amounts of car-
bides, in order to specify several parameters charac-
terizing the beginning and therate of massgain during
thistransent oxidation step preceding theisothermal
oxidation.
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Figure1: Micrographsof several alloysselected among the onesof thisstudy (taken with a Philips XL 30 scanning

electron micr oscope, in back scatter ed e ectr onsmode)

EXPERIMENTAL

Sudied alloys

All thedloysconsideredin thiswork are based on
nickel and contain seemingly the samequantity of chro-
mium (=30wt.% Cr). They differ from oneanother about
their carbon content (binary Ni-30Cr or ternary Ni-
30Cr-Cwith0.2,0.4,0.8,1.2, 1.6 and 2.0wt.% C)3,
or about the presence, or not, of tantalum asafourth
element (Ni-31Cr-0.2C-2Ta, Ni-32Cr-0.4C-2.7Ta
and Ni-31Cr-0.4C-5.4Ta, all contentsinwt.%)“. All
these dloyswereobtained by afoundry way: meltingin
inert atmosphere (pure argon, 300mbars) by high fre-
guency induction (300kHz, CELES furnace) inawa-
ter-cooled copper crucibleinwhich solidification was
achievedtoo. Theinitial charge (100g) was composed
of pureelements (Ni, Cr, Ta, C (graphite), all of apu-
rity higher than 99.9wt.%). Their microstructuresare
reminded infigure 1, which displays, for asdlection of
thesealoys, micrographstaken using aScanning Elec-
tron Microscope (SEM, Philipsmode XL30) in Back
Scattered Electronsmode (BSE). Thebinary alloy is
singlephased (FCC nicked with chromiumin solid solu-
tion) and theternary alloys containin addition chro-
mium carbides (appearing darker than matrix) thefrac-
tion of which increaseswith the carbon content. The
quaternary aloyscontain both chromium carbidesand
TaC carbides(whiter than matrix).

Thermogravimetry runs
Threesampleswere prepared from each aloy (par-
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Figure2: Schemeof thehot part of thethermobalanceand
of thedifferent gradientsof temperature

allelepipeds of lessthan 0.4 cm?, polished with 1200-
grit papers) and heated at 20 K min* from room tem-
perature up to ahigh temperature equal to 1000, 1100
or 1200°C. When the maximum temperature was
reached, thelatter was maintai ned during 50 hours (bi-
nary and ternary alloys) or 100 hours (quaternary al-
loys) before cooling. The thermobal ance which was
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usedfor all testswasaSetaran TGA 92 one (ascheme
of thehot part of such classicd thermobaanceisgiven
infigure2).

Treatment of massgain measurements

After ashort period during which theapparatuswas
reaching atherma equilibrium (gasflow, studied metd-
licsample, platinum gained withauming, platinum sus-
pension onitswholelength), the{ sample + suspen-
sion} mass beginsincreasing continuoudy with time,
evenif temperaureisnot highenoughforinducingsig-
nificant oxidation. This is due to the decrease in
Archimede’s thrust due to the increase in temperature.
Indeed, the statelaw of perfect gaswrittenfor two tem-
peratures, afixed one T and avariableoneT, assum-
ing that P remains equal to 10° Paindependently on
temperature (whichisamost the casein thehot part of
a thermobal ance), allows obtaining the expression
{Eq.1} givingthevolumemassof air (p,, ) a every tem-
perature T fromitsvalueat another one T, (e.g. 20°C).
The apparent mass (m__) of the sample measured by
thethermobal anceisgiven fromtherea massby de-
duction of theArchimede’s thrust {Eq.2}. This second
equation, written two timesfor two temperatures, avari-

20
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ableone(T) andafixed one(T ), leadsto{ Eq.3}, and
if thevolumemassof air a T isreplaced by itsexpres-
sion according to { Eq.1}, one arrives at { Eq.4} in
which one can clearly seethat, from 20°C for example,
thereisapositive difference of measured masswhich
increaseswith temperature.

T
Pair (T)=Par (To)x(?o) (@)
Mapp (T)Xg=Mmxg—py (T)xVxg )
mapp (T) = mapp(T0)+V ><(Pajr (TO)_pair (T)) (3)
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Figure3: Evolution of T-T/T versusT; itslinearity isevi-
denced over therange[873K 1473K], i.e. [600°C; 1200°C]
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Figure5: Themassgain curvesfor aNi-30Cr-0.2C (a) (respectively Ni-30Cr-0.4C (c)) alloy for oxidation cyclesat
1000, 1100 and 1200°C, with enlar gement of theheating part around thetemper atur esat which oxidation starts(b, no

significant differences) (resp. (d, small differences))

Maop (T) =My (To) =V X P (To)x(l—(%))

T-T, (4)
")

——

(V: samplet+suspension volume, m: real mass of
sampletsuspension, g: gravity’s constant (9.8 1m s2))
When T increases but isnot yet far from 20°C, the (T-
TO)/ T termvariesrapidly, but when T hasbecomehigh
enough, thevariation of (T-TO) becomes preponderant
by comparisonto T done. Then, (T-T,))/ Tand m,(T)-
m,,(T,), vary dmost linearly. Thisbecomesto betrue
when temperatureishigher than about 600°C or 873K
(figure3).

Thus, above this level of temperature, if the
thermogravimetry curvebeginsaccd erating and quitting
thislinearity, thisrevealsareal massgain,i.e. duetoa
beginning of oxidationwith as gnificant combination of
oxygen atomswith metallic e ementsbeongingto the
surfacesample.

Figure4illustratesthemethod usedinthiswork for
characterizing thestart of oxidation at heating. It begins
with apreliminarily correction of themassgain curve,
here plotted versustemperature (instead of time) for
evidencing the successive phenomena®“ (figure 4a):
increasein massgain at heating (apparent increasein
mass due to the decrease in Archimede’s thrust),
accel eration of massgain dueto the starting oxidation,
isotherma massgain (mainly by parabolic oxidation),
dow decreasein massdueto anincreasein Archimede’s
thrust because of cooling, andfinaly rapid masslosshy
oxidespd|tion.

In order to more efficiently evidencethisloss of

Wotoioly Science  mm—

linearity of massgain, the equation of thelinear part of
themassgain duetothedecreasingArchimede’s thrust,
was determined (figure 4b). Thereafter this was
subtracted to the measured massgain (figure4c). The
new total massgain curve presentsahorizontal part
staying at zero, where both the Archimede’s thrust
varied aimost linearly and oxidation had not yet
significantly started because of atemperature not yet
becomehigh enough (figure4d). Findly, theend of this
horizontal part can be zoomed in order to distinguish
thestart of massgain dueto real oxidation (figure4e),
and then determine the temperature of oxidation’s

beginning.
RESULTSAND DISCUSSION

Temperaturesof oxidation start at heating

Theprocedureexplaned abovedlowed determining
thetemperaturesof effective oxidationfor dl aloys, for
thethreetests performed until reaching 1000, 1100 or
1200°C. Two examplesaregiveninfigures, inwhich,
for two alloys, the whole thermogravimetry curves
plotted versus temperature for the three targeted
maximal temperatures, aregiven ontheleft sde(curves
after correctionfromtheArchimede’s thrust, figures Sa
and 5¢), whilezoomed viewsof thelocation wheremass
gain accel erated because of oxidation start aregiven
on theright side (figures 5b and 5d). For someof the
aloys, therewasagood reproducibility of the position
intemperatureof thebeginning of oxidation (figure5b),
what isnot surprising since, of course, thistemperature
does not depend on the temperature at which the
isothermal will be donethereafter. But, in other cases,
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Figure6: Temper atureof oxidation start (i.e. at which massgain beginstobesignificant): (a) Plotted ver susthecarbon
content for theNi-Cr (-C) alloys, (b) Effect of tantalum at constant carbon contents

thereweremoreor lesssmall differencesbetweenthe
threetestswhich were considered (figure 5d).

Thus, for each alloy, the three temperatures
determined onthethree curveswere considered, with
calculation of their average value and the standard
deviation in order to get an interval of uncertainty.
However, there weretwo exceptions (concerning the
Ni-30Cr-0.8C dloy and the Ni-31Cr-0.4C-2.7Taone,
for thetestsat 1000°C for both of them) inwhich the
curious shape of themassgain curveinitshesting part
revealed apossible problem during thetests (e.g. of
suspension). The results are given in two graphs
presented infigure 6. Figure 6adisplaystheevolution
of oxidation’s start temperature versus the carbon
content for the binary/ternary alloys, for each of the
threetargeted temperaturesfor theisothermal stage
(1000, 1100 and 1200°C), with the evol ution of their
averagevalue+ standard deviation (black line). Figure
6b presents the equivaent resultsin the case of the
tantal um-containing aloys, with addition of theternary
alloys containing the same carbon contents for
comparison.

It appears that oxidation really acts only above
800°C for all the alloys (the lowest temperature is
813°C, obtained with one of the curves corresponding
totheNi-31Cr-0.4C-5.4Taalloy). But theinterval of
the temperatures of oxidation start iswide sincethe
obtained values are spread up to 1096°C (one of the
curvesfor Ni-30Cr-1.2C). Thebinary andternary dloys
with low carbon contents (< 0.8wt.%) gave the best
reproducibility, while more dispersed results were
obtained for the highest carbon contents or when
tantalum was present inthealoys. Unfortunately, this
lack of reproducibility did not alow seeingwhether there

was perhapsaspecific evolution of thetemperature of
oxidation start versus either the carbon content, or the
tantalum content. Neverthdess, oneof thedloysseemed
playing aparticular role. Indeed, for theNi-30Cr-0.2C
alloy the temperature of oxidation start was
sysemdicaly low withvauesvarying only between 819
and 846°C. The addition of 2wt.% of tantalum
introduced adisperson of results, but with only adight
increaseintheaveragevaue. Thus, thetwo dloyswith
0.2wt.%C early began their oxidation during heating,
sgnificantly beforedl theother dloys.

Total massgain during heating

Onthecurvescorrected from theArchimede’s thrust
and plotted versustemperature, it wasal so possibleto
specify thetotal massgain redized during the heating,
more precisely between the temperature at which
oxidation obvioudy sarted withasignificant massgain,
and thebeginning of theisotherma massgain.
Another procedure was used in previous works to
assessthemassgain by trang ent oxidation during heating,
when thermogravimetry tessswererunfor at least three
temperatures for a same alloy®. This consisted in
determining the slope of theinitia linear part of the
isothermal mass gain curve in the cases where the
parabolic kinetic began after ashort delay, or of the
tangent to the parabolic massgain curve at the early
beginning of theisothermal stagewhenthemassgain
beganimmediately according totheWagner’s law. This
value, called linear constant of isothermal transient
oxidationand noted K, intheseworks>#, weregeneraly
dependent on temperature and, more precisely, they
followed anArrheniuslaw. Thistypeof representation
(neperianlogarithm of K, plotted versusthereciproca
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Figure7: Massgain at the end of heating, either according to thermogravimetry measur ements corrected from
Archimede’s thrust (TG), or obtained by integration of the Arrhenius expression of the linear constant K accor dingto

{Eq.6} (K)

absolutetemperature /T (in K1) alowed determining
anactivation constant Q which allowed expressing K
as afunction of temperature { Eq.5}, and thereafter
estimating the mass gain realized during the heating
{EQ.6}.

Q
K, =K, .eRT ©®)
T eFQ“) dt

273K

-Q

~K . [i eR.(273K+RH .n.At)J At
n=1

inwhichK _and Q aretheArrhenius constantsof K,
issued fromtheK, vauesobtaned for thedifferent test
temperatures, R, isthe heating rate, At therecording
timeincrement and N the number of recorded results
duringthe heating (N =(Ttest-243K)/(R At)).

The two sets of values of the total mass gain at
heating beforeisothermal oxidation are presented as
graphsinfigure7: only for the Ni-Cr and Ni-Cr-C al-
loysinfigure7a, and, infigure 7b, for the Ni-Cr-C-Ta
aloys, withaddition of thetanta um-freeternary aloys
containing the same carbon amounts, for comparison.
In contrast with figure 6, the values obtained with the
samed loy for thethreetemperaturesof isotherma oxi-
dation must be separated from oneanother, sincethe
higher thetest temperature, the higher thetotal mass
gainduring heeting, logicdly. Thisiseffectively verified
sincethe curves bounding the pointsfor 1200°C are
abovethecurvesfor 1100°C, and thelatter abovethe
curvesfor 1000°C. Concerning thetwo waysof deter-

Massgain (heating) = K|O.I

©)

mination of thetotal massgain during heating, thereare
often significant differences. Considering thethreetest
temperatures together for a same alloy (1000, 1100
and 1200°C), thetwo setsof valuesare globally con-
sistent for theternary aloyswith low and medium car-
bon contents (between 0.2 and 1.2C). Thisisalittle
lesstruefor the binary aloy andfor the Ni-30Cr-0.8C
one. Incontrast, it isredly worsefor theternary aloys
with 1.6 and 2.0wt.%C, aswell asfor thethreetanta-
lum-containingdloys.

Concerning theNi-Cr(-C) alloys, thisisin accor-
dancewiththequdity of thedignment of thethreepoints
intheArrheniusplot”8. Indeed, the very good or ex-
cdllent dignment of thepoints{ 1/T; In(K )} obtainedin
these previousworksfor thelow carbon ternary aloys
led to good valuesfor the activation energy Q, which
theregfter dl owed estimating with accuracy thetota mass
gain duringthewholehesting. Inversaly, thebad align-
ment of the pointsexisting for thethreevauesof In(K )
plotted versus /T in the case of thetwo carbon-richest
ternary aloyd?, led to avalue of Q which wasonly
good enough to obtain asufficiently accurate val ue of
massganexistingjust before parabolic oxidation acted,
to determine the parabolic constant Kp with accuracy.
Heretheval ues of mass gain during heating estimated
by thisway is, in contrast, worsethan the direct mea-
surement on the thermogravimetry curves corrected
from the Archimede’s thrust. About the three alloys
contai ning tantal um, despite of theexcdlent dignment
of thepoints{ /T; In(K)} inArrheniusplot!®, theval-
uesof theactivationenergy for K, led heretomassgain
a theend of heating which areoften different fromwhat
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can bedirectly measuredin thethermogravimetry curves
corrected fromtheArchimede’s thrust.

If one considersonly themassgainsat heatingend
directly measured onthelatter thermogravimetry curves,
no systematic rel ation seems existing with the carbon
content inthetantalum-freealoys(figure 7a). In con-
trast, it appearsthat these mass gainstend to be higher
for thealoyswith tantalumthan for the alloyswithout
tantalum, for asame carbon content (figure 7b).

General commentaries

When analloy withasurfaceinitialy metalicis
heated, oxidation takes place moreor lessearly. One
can remind that this beginswith nucleation of oxides
points, followed by laterd growth of oxidesfromthese
nuclei aong thesurfaceand thickening perpendicularly
to the surface. Thisleadsto adiscontinuous|ayer of
oxide, thegrowth of which tendsto befast becausenot
yet governed by diffusion of ionsthrough the oxides
aready exigting, but thekinetic of whichisstill limited
because of thetemperature whichisnot yet very high.
When temperatureishigh enough, oxidation becomes
redly fast, for thetwo precedent reasonstogether, with
consequently amass gain which isimportant enough to
be detected and measured by amicrobal ance.

Thiscan be doneby considering the Archimede’s
thrust decrease, thelinearity of whichwasdemongrated
for temperatures high enough, but theval ue of which
was not directly used to subtract to the measured mass
gain. Indeed, if thevolume of the sampleand apart of
thevolumeof its suspension werein the hot zone (the
temperature of whichiswell known thanksto ather-
mocouple), theother part of thissuspensionisinazone
of lower temperatures (asillustrated infigure 2), and
taking into account the variation of apparent mass of
these “colder” parts during heating cannot be really
done. Thisisthereason why it washere preferableto
smply measurethed ope of thelinear part of themass
gain curveat heating, and subtract it from thewhole
curve. Onecanremark that, if thiswasimportant to do
that for agood accuracy for the determination of both
thetemperatureof the beginning of sgnificant massgain
by oxidation andthetotal massgain during heeting, such
correction should benot really useful for the other part
of thethermogravimetry curvewheretemperature also
varies, asisto say thecooling part. Indeed, if onewishes

—= Fyf] Paper

studying therate of oxide spallationfor example, the
massvariationsinduced aretoo important or fast to be
significantly modified by theArchimede’s thrust varia-
tions

Here, for thestudied aloys, themassgain dueto
oxidation during hesting occurred a temperaturesmore
or less higher than 800°C. In some cases, almost the
sameva ueof oxidation start’s temperature was found
for thethreetestsfor the samealloy, but thisreproduc-
ibility wasnot found in other cases. Such differences
can beattributed to differences of surfacereactivity due
to difference of microstructureorientation or of micro-
structure fineness between two samplesof asameal-
loy. Indeed, it was aready observed that these micro-
structure parameters can influence the behaviour of
oxidation a high temperature®. The presenceof tanta-
lum seemed al so being another source of dispersion:
this can beattributed both to the randomly dispersed
TaC carbides among the chromium carbides in the
interdendritic spaces (figure 1) and to the behaviour of
thiselement in oxidation (Taismore easily oxidable
than Cr and it can accel erate the nucleation of oxide).
In addition, the presence of tantalum obviously led to
higher massgainsachieved a theend of heating. Here
too thiscan beduetothehighreactivity of thiselement
in hightemperature oxidation, which probably ledtoan
amount of oxidesof tantalum (Ta,O,) or chromium and
tantalumtogether (CrTa0),) at theend of heating, higher
than the mass of NiO and/or Cr,O, in the case of the
binary and ternary aloys. Onthecontrary, apossible
effect of carbon, which however varied over awide
range (O to 2wt.%), was not really observed (except
the surprising behaviour of the alloys containing
0.2wt.%C with or without Ta, whichremainsto beex-
plained).

Thedirect measurement of thesemassgainsat the
end of heating, on the thermogravimetry curves cor-
rected fromtheArchimede’s thrust, appears more effi-
cient than integration from theArrheniusexpression of
thelinear constantsK . Thiscan bedueto the hypoth-
es swhichmust bedoneinthelatter case (asingle phe-
nomenon, thermaly activated over thewhol etempera-
turerange between the lowest ones and the targeted
ones), and whichissometimes not true. One can think
that determining by thisdirect measurement the mass of
oxygen adsorbed, then thethicknessof the pre-existing
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Figure8: Determination of K| versustemperatureat the end of heating for thebinary Ni-30Cr alloy heated upto
12000C; (a) Enlar gement of thether mogr avimetry curveat theend of heating; (b) Plot of K (T)=(dm/dt), (T) versus
temperatureat theend of heating (.exp.) and with {Eq.10} deter mined in ¢ (.math.); (c) Arrheniusplot of In(K ) versus 1/
T inorder todeter minethe constant value (2.3225) and theslope (-24888K ), from which thevaluesof K (10.2g/cm?/s)

and Q (207kJ/mol)

oxide, beforeisothermal oxidation can be more effi-
cient for preparing the cal cul ation of the parabolic con-
Sant.

Tofinish, onecanremark that it finaly appearsthat
it is not necessary, for an alloy, to perform several
thermogravimetry runsat three (or more) temperatures
sufficiently far from oneanother (e.g. 1000, 1100 and
1200°C) to examinehow thelinear congtant varieswith
temperature and, furthermore, to specify theva ues of
the parametersof itsArrhenius expression. Indeed, if
onecond dersagainthethermogravimetry measurements
at heating after their correction fromtheArchimede’s
thrust, it is possible to determine K at each step of
increaseintemperature, by applying{ Eq.7} :

K'(T)=(Z_T) (T) m[T(t+AtA)t]—m[T(t)] -
;

where T isthe temperature at the timet and m[T(t)] the mass
gain (corrected from the Archimede’s thrust) at this tempera-
ture T (or at thistimet), and At the time step of record (here

409)

In the case of the binary Ni-30wt.%Cr and the
targeted temperature 1200°C (figure 8), themassgain
m corrected fromArchimede’s thrust begins increasing
fromabout 1000°C (figure8a). Thecalculaionof K a
each stepleadsto theexperimental (“exp”) successive
vauesof K, (T) plotted versustemperatureinfigure8b.
Thereafter, plottingIn (K, (T)) versus UT (K*) leadsto
theequation of theregressongtraight line, giveninfigure
8c, which allows calculating the two Arrhenius
parameters: theactivation energy Q ({ Eq.8}) and the

multiplying coefficientK ; ({ Eq.9}):

Q=(-Rx dope) =(-8.314 I mol* K1 x (-24888K)
=207kJ mol? (8)
K, =exp(ordinateat origin) = exp (2.3225)
=10.2gcm?st 9

Theresfter, using thesetwo valuesin{ Eq.10}, one
can plot themathematica curve (“math’”) which can be
compared totheexperimenta one(“exp”) in figure 8b.
Thefit appearsexcellent.

-Q
K (T)=K, xe[ Rx(T(°C)+273.15K)] (10)
=Kjo

Inafuturework it will beinterestingto study the
reproducibility of theseresults (Arrhenius parameters
intheequation giving K (T)), and to compare these
Arrheniusexpressonsfor different aloys(e.g. different
contentsin carbon or tantalum in nickel-based aloys)
or for different microstructuretextures (e.g. dendritic
orientation or fineness).

CONCLUSIONS

Exploiting the heating parts of thermogravimetric
measurements before isothermal oxidation at high
temperauredlowed herereveding different behaviours
of initid oxidation, whenthefirg partsof oxidenucleste
and grow. Itisrather easy to correct thethermogravimetry
curvefrom theapparent variation of massgain dueto
the decreasing Archimede’s thrust, and get curves on
which the beginning of oxidation can beevidenced. If
tantal um seemsplaying animportant roleinthisoxidation
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during heating for these nickel-based aloys, it could be
interesting to aso specify the role of other active
elements. It could bea so interesting to systematically
study the effects of other parameters as the
microstructuretexture or the heating rate.
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