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ABSTRACT

Air humidity may significantly influence the behaviour in oxidation at high
temperature of the refractory metallic alloys. To study the effect of water
vapour on the oxidation phenomena in thermal cycling conditions in the
case of nickel-based alloys a Ni-25Cr binary alloy was considered. It was
subj ected to oxidation at four hightemperatures, 2000, 1100, 1200 and 1300°C
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for 48 hours in dry air and in a humidified air. The heating parts of the
thermogravimetry curves were exploited to specify the temperatures of
oxidation start and the amount of oxide mass formed during heating. By
comparison with dry air, the water concentration tried in this work induced
an earlier oxidation during heating with agood reproducibility of temperature

start.  © 2012 Trade Sciencelnc. - INDIA

INTRODUCTION

Refractory alloys and superalloys used at high
temperature are generally exposed in service to
aggressive gaseous environments. To resist high
temperature oxidation or hot corrosion they are
designed to contain sufficient amounts of elementsas
chromium, aluminum or silicon to develop ontheir
surfaces protective oxides such aschromia, alumina
or silica. In many situations oxygen isnot the sole
oxidant contained in the hot gases reacting with the
metallic surfaces. Water vapor isoneof the possible
oxidants which are also present in the oxidizing
atmosphereswithwhichthealoysarein contact. This

may |ead to other mechanismsof hot corrosion?. Gas
turbines for power generation is one of the main
examplesof such situation.

Many studies have been carried out concerning
the oxidation behaviour of metals and alloys in
presence of water vapor. Among the most recent
works one can citefor examplearticles concerning
only pure metals (e.g. Fe, Ti)4, iron or titanium
aluminides®®, molybdenum/tungsten silicides”,
ceramicg®, and also MCrAlY coatings®. But most
of the studies dealing with the effect of water vapor
on the high temperature oxidation behaviors of
refractory alloys concern iron-based materials such
asFeCrAl aloyd highly alloyed steel swithout!*?
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or with*¥ coatings, and even carbon-steel*4. Many
works have been also carried out on simple binary
Fe-Cr aloys (for exampl €5, Curiously there are
not so many recent studies concerning nickel-based
alloys. Neverthelessone can cite severa works about
binary Ni-Cr aloys*, conventional commercial
superalloys® and even Ni-based single crystal
superaloyd™®. Mogt of the studies ded with theeffect
of water vapor on the oxidation rate in isothermal
condition, onthe oxide characteristicsand ontheloss
of apart of the protective oxide dueto theformation
of volatile oxy-hydroxides. In contrast the start of
oxidation during the heating before reaching the
targeted temperature at which the oxidation kinetics
are specified by thermogravimetry, islessfrequently
studied. Thisisalso truefor the spallation of oxide
during cooling after theisothermal stage.

The purpose of this work is precisely to focus
attention on the influence of the presence of water
vapour on both the oxidation start during heating and
the occurrence and frequency of oxide detachment
during the post-isothermal stage cooling, inthe case of
asimpleNi-25Cr aloy, by exploiting the heating and
cooling partsof thethermogravimetricresultswhichare
commonly not considered but which however led earlier
tointerestinginvestigationg?°24,

EXPERIMENTAL

Preparation of the alloy samples and thermo-
gravimetry tests

Theadloyswere synthes zed by foundry from parts
of pure nickel and of pure chromium (AlfaAesar, >
99.9wt.%), by usngaCEL EShighfrequency induction
furnace under apureargon atmosphere (pressure about
400mbars). Each of thefour obtainedingots(dl of about
40g) was cut in order to prepare samples for the
thermogravimetry testsat one of thefour considered
temperatures. The samples, al of about 10 x 10 x 3
mm?, were polished up to the 1200-grade SiC paper,
with smoothing of edgesand corners.

The same apparatus was used to perform the oxi-
dationtestsindryarandinwet ar: aSETARAM Setsys
thermo-balance coupled with a humidity generator
SETARAM Wetsys. For thetestsindry air theair com-

ing from abottle of Alphagaz 1 passed through the hu-
midity generator with as settings: Relative Humidity of
0% at 30°C, while these settings were RH=80% at
40°C for the test in wet air. The gas flow was 20mL
min™ in both cases.

Theoxidation testswere performed at 1000, 1100,
1200 and 1300°C for 48 hours in the two atmospheres.
For all teststhe applied heating ratewas 20°C min™.

Exploitation of the heating parts of the thermo-
gravimetriccurves

During heating the volume mass of air decreases,
with asconsequencean artificial massgainfor the heet-
ing sample hanged by a platinum wireto the micro-
balance. This is only due to the decrease in
Archimede’s thrust and a correction must be applied
for allowing thedetection of thereal massgain by start-
ing oxidation. The mass gain resultswerethen first
corrected from air buoyancy variation by applying a
method, involving the perfect gaslaw, which wasde-
scribed earlier?), One can summarizeit practically
here by first reminding that thereisan aimost linear
part of massgain whichisprogressively established
after afirst morerapid increasein massgain at lower
temperatures. The practical treatment consistsinre-
vealing thislinear massgain in the heating part of the
thermogravimetry curve, indeterminingtherdatedlin-
ear egquation, then subtracting thislinear expressionto
themassgainfile.

Thetemperature of red start of oxidation canthen
bered on the corrected massgain curve, aswell asthe
total massgain obtained at the end of heating. For each
atmosphere (dry air and wet air) thefour oxidation tests
(four stagetemperatures) lead tofour va uesof thistem-
perature of oxidation start, thisallowing studying the
reproducibility or dispersion of theoxidation start tem-
perature, and then abetter comparison between the
two atmosphere conditions. Concerning themassgain
by oxidation during heating four resultscan be obtained
for the heating up to 1000°C (the test at 1000°C but
asothetestsat thethree higher temperaturesby noting
the mass gain when the temperature reaches 1000°C
before continuing increasing up to the stagetempera
ture 1100, 1200 and 1300°C). Similarly three results
can beobtained for 1100°C, two for 1200°C, but only
onefor 1300°C.
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RESULTSAND DISCUSSION

Theconventiona plot (AmVS=1(t)) of theobtained
thermogravimetric curves showsthat theisothermal
partsared| parabolic or dmost parabalic, asillustrated
inFgure1(a) withtheexampleof theNi-25Cr oxidized
at 1100°C in wet air. Plotting the whole curves in the
AM/S=1(T) schemeasshownin Figure 1(b) with the
samedloy inthe sametemperature and air humidity
conditions, allows seeing that the artificial mass
variation duetoair buoyancy followsthesamevariaion
versustemperature as earlier encounteredi??, during
the heating aswell asduring the cooling (visbleinthis
latter case because of the absence of any oxide
gpdlation). Onecan remind that thistype of variation,
which can beinterpreted usingthe{ PV =n.R.T} —
law, can be described by a hyperbolic (low
temperature) to almost linear (high temperature) law.
The treatment of the thermogravimetric results,
explained aboveintheexperimenta part andillustrated
in Figure 2 with the example of the Ni25Cr alloy
oxidized at 1100°C in dry air, leads first to the {air
buoyancy variation} -corrected curves presented in
Figure 3. These ones allow observing the start of
detectablemassgain dueto exclusively oxidation. One
canfirst remark that the corrected heating massgain
curves obtained for the four temperaturesindry air
and plotted together in the same graph (Figure 3(a))
display somedifferencesfor their common parts (up
to 1000°C for all curves, up to 1100°C for three of
them, up to 1200°C for two of them) which are not
really partly superposed. In contrast the corresponding
heating curves obtained in wet air, for the four
temperaturestoo, are much more closeto one another
(Figure 3(b)). After enlargement of the bottom parts
of these curves (Figure 3(c) for dry air and 3(d) for
wet air), these differences become enhanced and
additionally one can see that the temperatures of
oxidation start are rather dispersed for the four
oxidationtestsindry air and redly closeto one another
for the tests in wet air. Their values, presented in
TABLE 1, confirm the preceding qualitative
observations: indry air thetemperature of oxidation
start varies between 860 and 930°C while these
oxidation start temperature are much morecloser to
one another (around 865°C).
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Figure 1: Example of the mass gain curves obtained: (a)
conventionally plotted (isother mal part only), and (b) plotted
ver sustemper atur e(wholefile: heating, isother mal and cool-
ing parts)

When reaching thetargeted temperature thetotal
meassga nsresulting from early oxidation during heating
logically increase with the stage temperature (1000,
1100, 1200 and 1300°C). This is clearly shown in Figure
4 inwhich the average values (e.g. for T = 1000°C:
averageof themassgan vauesobtained at theend of
heating for thetest at 1000°C and of the three other
massgainvauesrecorded a 1000°C during the heating
upto 1100, 1200 or 1300°C). For the two atmospheres
(dry air and wet air) themassaverage massgainsare
almost equa when reaching 1000°C (0.0169+0.0118
and 0.0166+0.0023 mg/cm? in dry air and wet air
respectively) and when reaching 1100°C
(0.0670+0.0329 and 0.0672+0.0050mg/cm?). In
contrast small differences arise for 1200°C
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(0.162+0.014 (dry) and 0.170+£0.002mg/cm? (wet)) However thereareno significant differences between

and for 1300°C (0.410 (dry) and 0.378 (wet)).
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Figure2: Treatment of thether mogravimetric curveto correct the massvariation from theArchimede’s thrust (air buoy-
ancy): (a) initial curveplotted in themassgain ver sustemper atur er epresentation, (b) deter mination of the equation of the
high temper atur elinear part of apparent massgain duetoair density decrease, (c) correction of thewholecurveusingthe
previousequation and (d) deter mination of thetemper atur e of oxidation start and of thefinal massgain when reaching 1100°C

(and also 1000°C)

After these first results it can be interesting to
examinehow variestheingantaneoudy linear oxidation
rate during theheating. At each step of hesting, i.e. for
each temperature, theelementa increaseinmassgain
was divided by thetime step of massrecord (50s) and
the obtained rate plotted versustherunning temperature,
which may give additional dataabout oxidation during
heating?. It gppearsthat it unsurprisingly increased with

temperature. Further, theneperianlogarithm of theK (T)
kinetic mass gain constants were plotted versusthe
reciproca temperature UT___ _(K™). Theobtained
graphs, presented in Figure 5 for the oxidation tests
performedindry air andin Figure 6 for theonesinwet
air, show that these curves are composed of two
successvedraght linesinmost cases. Thetemperatures
at which the slope of these In(K )=f(1/T) curves
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Oxidation start of Ni25Cr in dry air
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Oxidation start of Ni25Cr in wet air
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Figure3: End of theheating partsof thether mogravimetry curvescorrected fromair buoyancy for thedeter mination of the
temper aturesof oxidation start: (a) (enlarged in (b)) Ni25Cr oxidized in dry air, and (c) (enlarged in (d)) Ni25Cr oxidized

inwet air
TABLE 1: Temperatures of detectable mass gain during
heating ver sustheair humidity

Temperatur e of oxidation

sart (°C) Air humidity
Stage temper ature dry Wet
1300°C 915 863
1200°C 932 863
1100°C 732 863
1000°C 858 868
Average = Std dev. 859+ 91 864+ 3

suddenly varies, aswel| astheactivation energieswhich
may correspond to these successive straight lines, are
givenin TABLE 2. For the oxidation testsdonein dry
ar thetemperatureof trangtionisnot reproducible. The
reproducibility ismuch better, but not perfect, for the

Ni25Cr in dry air and in wet air
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Figure4: Total massgainsobtained during heatingfor the
Ni25Cr alloy indry air and in wet air (aver age+ standard
deviation calculated on 4 values for 1000°C, 3 values for
1100°C and 2 values for 1200°C)
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Figure5: Arrheniusplot of thelinear constant K, estimated at each step of temper atureincreaseduring theheating: (a) up
t0 1000°C, (b) up to 1100°C, (¢) up to 1200°C and (d) up to 1300°C, all for the Ni25Cr heated in dry air

oxidationtestsperformedinwet air. Indeed thetrangition
temperatureisabout 1030°C for the four tests done in
wet air and it seems separating the curve in alow
temperature part for which theactivation energy tends
to berather high (between 182 to 281 kJ/Mol) and a
hightemperature part for which theactivation energy is
lower (100to 127 kJMoal).

General commentaries

The exploitation of the heating parts of the
thermogravimetry curves, which are oftenignored by
comparisontotheisothermal parts, may beinteresting
to consider sincethey can bring useful results. Someof
these ones concernthe start of oxidation and amount of
oxideformed beforereaching theisothermal stage, the

latter being for example of great importance for the
determination of aparabolic constant. However this
needsaprior correction from theconsequenceson mass
vaiationof theArchimede’s thrust evolution. In this work
thisallowed seeing that thetemperature of oxidation
start seemsto bemorereproducibleinwet air thanin
dry air. Furthermore, the presence of water vapor in
theoxidizingair obvioudy promotesanearlier detectable
oxidation, asisto say massgainisdetected for lower
temperaturethanindry air. The phenomenaappesar then
to benot the same between thetwo cases (dry air and
wet air) and reactions may be morecomplex inwet air
asreved ed by thetwo activation energies determined
on both sides of a constant temperature of about
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Figure6: Arrheniusplot of thelinear constant K estimated at each step of temper atureincreaseduring theheating: (a) up

t0 1000°C, (b) up to 1100°C, (c) up to 1200°C and (d) up to 1300°C, all for the Ni25Cr heated in wet air

TABLE 2: Activation ener giesdescribing theArrhenius dependence on temper ature of the K, value during heating;
temper aturerangeof transition from alow activation ener gy to a high activation energy

Linear oxidation during heating dry air wet air
Stage temperature temperaturerange (°C)  energy (J/mol) temperaturerange (°C)  activation energy

1300°C 1098 to 1300: 111 kJmol 1048 to 1300: 100 kJ/mal

915 to 1082: 214 kJmal 863 t01030: 287 kJmol

N 1081 to 1200: 186 kJmol 1046 t01200: 91 kJmal

12007 932 to 1065: 292 kJ/mal 863 to 1030: 221 kJmol

1100°C / / 1030to 1100 127 kIJmoal

732 to 1100: 132 kJmal 86310 1013 291 kJmol

/ /
1000°C not applicable not applicable 868 t0 1000°C: 182 kImal
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1030°C. Further investigation may imply in situ XRD-
measurements during heeting to better understand what
occursinthesetwo temperatureranges. New oxidation
testswith lower hesating rates can bealso of interest to
amplify themass gainsin heating situation, for these
temperature domains. It can be also interesting to
perform new thermogravimetric testswith the same
parametersbut with other water concentrationsin air.

CONCLUSIONS

Sincethe hot oxidizing atmospheres often contain
amoreor lesssmall quantity of water, or in contrast
very highlevelsof water asfor somegasturbines, the
effect of water on the high temperature oxidation be-
havior of thealloysisof great importance. The pres-
ence of water vapor leadsto differencesin oxidation
rate at constant temperature, by adifference of reac-
tion kinetic and an accel erated vol atilization of the pro-
tective oxidesby forming volatile hydroxides. But the
presence of water obvioudy aso influencesthe oxida
tion phenomenaand rates of massgain during hegting,
whichismaybelesswell-known.
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