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ABSTRACT

Theaimof thiswork isto examineif the modified morphology of interdendritic
carbides coarsened by an initial aging treatment can lead to a modified
behaviour of the alloy in oxidation at high temperature. Thiswas done here
withamode Ni-30Cr-1.0C cast dloy which wasfirst exposed to 1200°Cfor 5,
25 or 100 hours. Samples cut in the middle of the aloy were thereafter
subjected to oxidation by air at 1000, 1100 and 1200°C for 50 hours. The
thermogravimetry resultsweretreated in order to specify the ratesof transient
oxidation, of parabolic oxidation and of chromiavolatilization (according to
thelaw mxdm/dt = Kp—Kvxm), and finally of oxide spallation at cooling. The
corresponding constants K, K, and K were determined in all cases and
they showed that oxidation rate and chromiavolatilization rate increase with
the preliminary aging duration while, in contrast, oxide spallation at cooling
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is delayed down to lower temperatures.
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INTRODUCTION

After alongtime spent at very high temperature,
themicrostructureof superadloysmay havesgnificantly
evolved, under applied stressor not. Asexamplesone
may evocatethe coarsening of grainsor of carbides,
the rafting structure appeared in y/y’ nickel-based
superdloyd?, thefragmentation of thetantalum carbides
fibresin the CoTaC in situ composite directionally
solidified Co-based superalloys? or of interdendritic
eutectic M C-carbidesin cobalt-based dloys* aswell
as in nickel and/or iron-based alloys®. These
microstructure changes generally induce mechanical

wesknessfor thealloys, but they may also modify their
resistance agai nst oxidation, especially in the case of
transformation of interdendritic chromium-containing
carbides. Indeed, it iswell known that, on the one hand
such carbidesplay as chromium suppliers, and onthe
other hand grain boundaries are privileged diffusion
pathsfor chromiuml(.

The purposeof thisstudy isto observeif amoreor
lesslong aging treatment initially appliedtoasmple
ternary nickel-based all oy can significantly modify the
high temperature oxidation behaviour by changing both
morphology and volumefraction of itsinterdendritic
network of chromium carbides.
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Figurel: Microstructuresof thestudied alloysafter thethreeaging treatments(Groesbeck etching)

EXPERIMENTAL

Thestudied alloys

Thedloyswhichwereinvolvedinthisstudy arethe
same ones which were studied in a recent work®
concerning the effect of aging treatment on the
thermodilatometry behaviour. It can beremembered that
these alloys were elaborated by foundry from pure
elements(purity >99.9%) meted withahigh frequency
induction furnace. Threeingots, al of them of about
100g, were obtained and were heat-treated at 1200°C
for threedifferent durations (beforeair quenching): the
first onefor 5 hours, the second onefor 25 hoursand
thelast onefor 100 hours. Thethreeingotswerethen
cutin order to get afirst part for chemical composition
anaysis(whichledto asamecomposition of Ni(ba.)-
30+1wt.%Cr-1wt.%C) for the three ingots) and
microgtructureexamination (figure1, optica micrograph
after etching for 1min with Groesbeck solution). One
also prepared three others parts per ingot
(parall el epipeds of about 7x7x3mm?), by cutting then
polishing themain facesand smoothing the edgeswith

1200 grit paper, to obtain samplesready for oxidation
testswith continuousmassgain recording.

Thermogravimetry runs and metallographic
examinations

Threeparaldepiped samplesper ingot (i.e. per heat
treatment) underwent oxidation tests. They were
performed at 1000, 1100 and 1200°C using a Setaram
thermobalance (type: TAG 1750 Simultaneous
symmetrica thermoanalyser) under adry industria air
flow (80%N.,, 20%0,) at 1 L h. Preliminary heating
(respectively find cooling) wasredized at 20K mintt
(resp. -10 K min?), and the dwell duration was 50
hours, for al tests. Temperature and mass gain values
were recorded every 40 seconds. After test, the
oxidized sampleswereembedded inacold {resin +
hardener} mixture, polished with grinding papersfrom
240 grit to 1200 grit. After ultrasonic cleaning, they were
mirror-like polished with Jumauminasuspension, then
etched at room temperature by immersion in a
Groesbeck solution (4g NaOH and 4g KMnO, in
100mL of distilled water) for about 1 minute, in order
to reveal the chromium carbides. Metallographic
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examinationsweredoneusingameta lographic optica
microscope (Olympus, type: Vanox-T) equipped with
aDP-11 camerafor taking jpeg pictures.

Mathematical treatment of themassgain results:
transient oxidation

Generdly, duringthepreliminary hegting, oxidation
dartsaffecting the sampleswhen temperatureisbecome
high enough. Thisfirst part of transient oxidationis
followed, at thebeginning of theisotherma dwell, by a
second part whichisof the{ dm=K xdt} -type, where
misthemassgain per surfaceunit (ingcm?) and K is
a linear kinetic constant (in g cm? s?), until the
Wagner’st® parabolic oxidationisestablished. Thus, the
exploitation of each file of thermogravimetric
measurementsbeganwiththe determination of thelinear
constant K. Knowing these K| valuesfor 1000, 1100
and 1200°C, it was checked that this linear constant
redly obeysanArrheniuslaw, which allowed theresfter
asses3 ng themassgain obtained during thewholehegting
before the dwell (this procedure was extensively
described in a previous study). This mass gain
obtained during the heating phase was added to the
isothermal massgain obtai ned during the second part
of thetransent oxidationto know theinitial massgain
m, existing just before the parabolic oxidation tarts.

Mathematical treatment of themassgain results:
parabolicoxidation and chromiavolatilization

Thethermogravimetric resultswereanalysedin
order to assesswith accuracy theparabolicrateby taking
into account the partia volatilization of the external
chromiawhichformsamost exclusively dl around the
samplesurface. Indeed, when temperatureishigher than
1000°C, this protective stoichiometric Cr'"'. O, oxide
can bere-oxidized into anew oxide Cr''O, whichis
gaseous at such temperature, and it is important to
cd culaethecorrespondinglossinmassinorder toavoid
minimizing thekinetic of parabolic oxidation.

Thiswas done by treating the mass gain filesby
considering the equation { Eqg.1}, in which the
voldilizationof chromiaisproportiond tothedementary
timestep dt through theexpression -K xdt whereK is
thevolatilization constant. Thisequation can aso be
rewritten{ Eq.2} to expressthemassganmmultiplied
by itsown derived function dm/dt, asalinear function
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of mitsalf.
Kp

dm=det—KVth (1)
dm

me=Kp—KVXm (2)

with m expressedin g cm?, K, (Wagner’s parabolic
constant) ing?cm“s*and K (chromiavolatilization
constant) ing cnr? s,

Thereafter, plotting mxdm/dt versus-mleadstoa
straight line, characterized by an ordinate at theorigin
equdl to K, and by aslopeequal toK , leading easily
tothevaluesof both K and K [ Unfortunately, in
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Figure2: Massgain curvesfor thethreeaging treatments,
for 1200°C (top), 1100°C (middle) and 1000°C (bottom)
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Figure3: Examplesof numerical treatment of thedata: 100h-aged alloy oxidized at 1000°C (l&ft) and at 1100°C (right)
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Figure4: Thelinear K, constant plotted ver sustemper a-
turelinearly (Ieft) and according totheArrheniusrepre-
sentation (right)

o 4
S
o 4
k=) .
N
c
g : 1
@ 0.001
=
time (s
0 ——— —
0 100000 200000
0,004
&
& . 0002
o
S
= !
‘T 0,002
o
9
S 0ot
tirme (5]
0 100000 200000

Figure5: Experimental curvesand corresponding math-
ematical curvesrebuilt with thededuced valuesof K, and
K - 100h-aged alloy oxidized at 1000°C (top) and at 1100°C
(bottom)

practicethesmall lack of precision of thermobal ances
isresponsibleof dispersion of thevauesof thederived
term dm/dt, and then of mxdm/dt; theval ues of dm/dt
must be estimated by the regression coefficient
calculated from eleven successive couples (t, m)
surrounding thecons dered time(fromwhichanew time
step equal totentimestheinitial measuretime step).

Characterization of oxidespallation duringfinal
cooling

Themodificationsinduced by apreliminary aging
treatment may al so have some consequencesfor the
adherence of theexternal oxide onthealloy surface,
and a sofor the shear stressesdeveloping a the oxide-
aloy interface at cooling sincethe thermodilatometric
behaviour of thedloy can bedightly changed because of
thisagingtreetment®. Thus, themassevolutionat cooling
wasd so examined during the pogt-test cooling, following
asimilar procedureas previoudly presented (1412,

RESULTSAND DISCUSSION

Theobtained thermogravimetry curves

Thecurvesplotting themassgain versustimeare
al aimost of the parabolic type (figure 2), evenif loca
oxidedetachmentsduetointernal compressive stresses
increasinginoxideduringitsthickening occurredinsome
cases. Thesejumpsof massgain inthesecurveswere
responsible of the corresponding peaks sometimes
observed on the va ues of mxdm/dt plotted versus-m
(examplesin figure 3), but they did not represent a
problem for the analysis of the curves according to
equation{ Eq.2} . On canfirst remark that theduration
of theaging treatment seemshaving ared effect onthe
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Figure7: Arrheniusplot for theparabolic constant and thevolatilization constant for thethreeaging treatments

massgain kineticwhatever thetemperatureof oxidation
test sinceglobally the curves corresponding to a100h-
aging are abovethe onesfor a25h-aging, and thelatter
arethemselvesabovethe curvesfor a5h-aging.

Thelinear constantsof transient oxidation

Thelinear constantstend to follow the same order
astheglobal massgain curve (figure4, left hand), but
lesssystematicaly (example: oxidation test at 1200°C

on an alloy aged during 25h). K, globally obeys an
Arrhenius law (figure 4, right hand): the activation
energies are 150, 171 and 124 kJ mol*, for aging
durations equal respectively to 5h, 25h and 100h.

Theparaboliccongtantsand chromia-volatilization
constants

The simultaneous determination of the kinetic
constant K describing the parabolic oxidation rel ated
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Figure 8: Progress of mass loss at cooling because of
oxide spallation: after 50h of oxidation at 1200°C (top),
1100°C (middle) and 1000°C (bottom)

to the Wagner’s law!® and of thekinetic constant K |
characterizing therate of chromiavolatilization was
achievedingood conditionsin al casesand thevalues
obtainedfor K, andK , usedfor rebuilding mathematica
curves step by step according to { Eq.3}, alowed
verifyingthat theseartificid curvesarewel | superposed
withtheexperimenta curvesor, & least, arewd| pardld
tothem (figure5).

K
My =M, +8m,, =m, +m—px8t -
n

inwhichm andm_  arethevaluesof themassgain at
respectively t =nxét andt =t +5t=(n+1) xdt with
ot = 400s (new time step), Kp and Kv arethe values
issued fromthetreatment of the experimenta curves.
Thevauesaregiveninfigure6, plotted versusthe
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Figure 9: Examples of surface states of the oxidized
samples after the thermogravimetry runs (Groesbeck
etching)

duration of the preliminary aging treatment or versus
thesquareroot of thisduration, whilethevauesof ther
neperian logarithms are plotted versusthe reci procal
temperature in figure 7 (i.e. in representation of
Arrhenius).

Theparabolic constant Kp, whichisnaturdly higher
when temperatureis higher, aso increaseswhen the
aging durationincreases, seemingly followingaparabolic
law versus this duration of the preliminary aging
treatment. This interesting observation is amost
confirmed by plotting theva ueof Kp versusthe square
root of the aging duration. Furthermoreit should be
possibleto propose values of the multiplying factor
(another “parabolic” constant ...): 15x102 g? cm* s?
hv2 (or 0.25 x 102 g? cmr* s%2), 6x102 g?cm“ st hr
Y2 (or 0.1x10%2 g? cmr* s%2) and 0.9x10%2 g cm“ s
h¥2 (or 0.015x10*2 g? cm* s%2), for 1200, 1100 and
1000°C respectively.
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One can observe a similar dependence of the
voldtilizationcongtant K onthetemperatureof oxidation
test, and also on the duration of the aging treatment,
exceptinthecase of theK  obtained a 1200°C for the
alloy with thelongest aging duration (for which the
volatilization constant isof thesameorder of magnitude
asfor 1100°C).

When andysed by plotting n(Kp) andIn(K ) versus
the inverse value of the absolute temperature, the
dependence of the constant on temperatureisclearly
of anArrheniustype (figure 7). Theactivation energies
for Kp are 196, 229, 214 kJmol* for an aging duration
of respectively 5 hours, 25 hoursand 100 hours. For
K., the values are 235, 157 and 85* kJ mol*, for
respectively 5h, 25h and 100h of aging duration (*: the
curiousvaueat 1200°C being also considered).

The progress of oxide spallation during cooling
after isothermal oxidation

During the isothermal oxidation the increasing
internal compression dueto growth stressesinsidethe
thickening oxidea ready caused loca detachmentsfrom
the substrate, asrevealed by jumpsinthemassgain
curves (more at thetwo lowest temperaturesthan at
1200°C). When cooling starts at the end of the
isothermal dwell, thethermal contraction of thealloy,
whichismore pronounced than theexternal oxideone
duetothedifferenceof thermal expansion coefficient
between thetwo (about 20x10°K-* for thealloy!® and
10 x 10° K-t for chromia*®), enhances compression
intheoxide. Then after asmall timeof coolingalocal
detachment can occur without breskdown, which dlows

—= Fyf] Paper

anew quick oxidation of the denuded part of thealloy
(figure 8) beforearea breakdown inducingamoreor
less rapid mass loss (figure 8), as encountered
exclusively dfter isothermal oxidation at 1000°C. After
oxidation at 1100 and 1200°C, the externa oxidewas
obvioudly thick enoughtoresst detachmentinthefirst
part of cooling, but moreor lessfast (but continuous)
mass| ossfinished to appear beforetheend of cooling.
It can benoted that thetemperature at which thismass
lossbegan tendsto belower, and then thetemperature
difference between dwell and thespd lation’s beginning
moreimportant, whenthe preliminary aging trestment
was longer. This is obvious for the cooling after
isothermal oxidation at 1200°C (figure 8, top) and at
1000°C (figure 8, bottom), while spalation began after
amost the same decreasein temperaturefrom 1100°C
for thethreedurations of preliminary aging (figure 8,
middle).

The surface states of the oxidized samples

The optical micrographs presented in figure 9
illustrate the surface and sub-surface deterioration due
tooxidationat hightemperature. Indl casestheexternd
oxide (chromia) was lost, partly or entirely, during
cooling, when exiting the thermobaanceand/or during
the metallographic preparation. Neverthel ess, some
parts remained on surface and can be observed. From
thesubstratesurface (interface between oxideand dloy),
thereisfirst azoneinwhich carbidesinitially present
have disappeared (with appearance of holesin some
cases). This carbide-free zone, which was growing
inwards during isothermal oxidation because of the
diffusi on towardsthe oxidation front of thechromium
released by the dissolving carbides, is deeper when
temperature of oxidationwas higher, but itsdepth does
not seem depending on the aging duration (figure 10).

General commentaries

Applyingapreiminary aging trestment may influence
thehightemperature oxidation behaviour of dloys. This
was observed here on asimple Ni-Cr-C aloy, first
about thetrang ent oxidation which tended to befaster,
and second a so about the parabolic oxidation for which
along duration of aging at 1200°C beforetest obvioudy
led to greater mass gains at all times and to higher
parabolic congtants (which moreover increased with the
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squareroot of aging duration). Thistendency seemed
toexig dsofor therateof chromiavolatilization, except
one case-the 100h-aged aloy oxidizing at 1200°C- for
whichitispossiblethat an external NiO oxidepartly
protected the growing chromiafrom volatilization.
Indeed, such anouter Ni O scae can exist when nicke -
based alloysoxidize at hightemperature”*4, and this
oxidewas probably more present sincethe oxidation
ratewasespecidly highinthiscase(figure 2, top).

Unfortunately, thel ossof themaost part of theexternd
oxide did not allow verifying that this oxide was
especialy present. Whenthevaluesof K , but also of
K, andK, arecompared with othersobtained with dloys
of thesamefamily (ternary Ni-30Cr-0to 0.8Cl10%9) jt
appearsthat thereisglobally avery good agreement
for asametemperature. Thevaluesof volatilization
constant area so of the sameorder of magnitude with
older resultg*®7, The sole mismatchesthat must be
noted concernthevoldtilization congtant of theNi-30Cr-
1.0C dloy of thisstudy when it hasbeen aged for 100
hours: K isoften higher than what was measured with
the same procedure for the Ni-30Cr-0 to 0.8C. In
contragt, thelinear, parabolic and vol atilization congtants
of theNi-30Cr-1.0C aged only for 5hoursareglobal ly
very close to the corresponding ones of the Ni-
30Cr0.8C dloy™ at the sametemperatures.

Even for the oxide spallation during cooling the
1200°C-aging duration seemed having an effect: the
masslossdueto spdlation generdly began later for the
most aged alloy than for the others, maybe because of
athicker chromiascdemoreres stant tothecompression
induced by cooling.

CONCLUSION

High temperature aging obviously may induce
theresfter changesin thebehaviour of dloysinstuation
of oxidation at high temperature. Thiswasseen herein
thecaseof aNi-30Cr-1.0C dloywhichisavery smple
onebut a so which representsthe base of morecomplex
Ni-based superdloysreinforced by carbides. A global
dight (but however significant) acce eration of themass
gainratewasnoted, for thetransient oxidation aswell
asfor the parabolic oxidation. Thiswasalso truefor
thevolatilization of chromia. For the moment, these
observations only concern nickel-based alloys

contai ning eutectic chromium carbides, but it can be
interesting to study that later in the case of other bases
(e.g. cobalt) and other types of carbides(e.g. TaC), in
order to know if suchresultscould beencountered again.
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