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ABSTRACT

The high temperature oxidation behaviour of alloys in air may be influ-
enced by the presence of water vapour. In thiswork thisis more precisely
the effect of the water concentration which was investigated. Four
thermogravimetry runswere performed for anickel-chromium alloy, at tem-
perature ranging from 1000 to 1300°C, in air especially enriched in water
vapour by comparison with previous studies. The heating parts and the
cooling parts of the mass gain curves were characterized with comparison
with previous results obtained in dry air and in moderately humidified air.
The supplementary addition of water vapour to air already wet led to an-
other reduction in oxidation rate during heating and in total mass gain
achieved before the isothermal stage. This new vapour concentration also
improves the adherence of the oxide scale during cooling by comparison
withdry air, but not so efficiently asthe more moderate water concentration
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INTRODUCTION

Water vapour isoften present inthe hot atmaospheres
inwhichmany refractory aloysand superdloysarework-
ing aspiecesthermally and mechanicaly solicited, such
asturbine blades. In such casesthe protective oxides
formed onsurfacefrom dementsaschromium, duminium
or silicon™ may be faster damaged by comparisonto
dry ar, with notably theacce eration of thevol atilization
of chromiaor slicainto oxy-hydroxidesspecies, andthe
gopearanceof avoldilization phenomenon for dumina

Thus, the presence of water isknown to induce addi-
tiona mechanismsof hot corrosion?. Theeffect of gas-
eouswater mixed with air or with other gaseshasbeen
the subject of many studies, as- among the most recent
ones—works carried out for pure metalst®4, intermetal -
licg59, dloysbased on heavy metad 97, ceramicd®, me-
talic coatings?, ... Most of theserecent sudiesand aso
of theolder onesconcern the effect of water vapour on
theoxidationrateinisotherma conditions(includingthe
volatilization into oxy-hydroxides) or ontheoxidena-
turesor morphologies.
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Theinfluenceof thevapour contentintheoxidizing
ar onthetrangent oxidation and theadherencebehaviour
of theoxidesisothermally formed on surfacewere seem-
ingly lessstudied. Thiswaswhat encouraged the recent
works previoudy carried out™®*¥, |n addition, sincea
same superalloy can be used at high temperaturein
contact with air contai ning few vapour or withar much
richer in vapour — this depending on the context (aero-
nautic turbines, gasturbines, ...) —it appeared impor-
tant to test asame material in another atmosphere of
the sametype but with ahigher water concentration.

EXPERIMENTAL

Preparation of the alloy samples and
thermogravimetry tests

One can remind that the aloy used for the study
was elaborated by foundry, by melting together parts
of purenicke and partsof purechromium (AlfaAesar,
> 99.9wt.%), using ahighfrequency inductionfurnace
under inert amosphere. Theingots (weighing about 400)
were cut in order to obtain parallelepipedic
thermogravimetry samplesof about 10 x 10 x 3 mm?3,
which were polished up to the 1200-grade SiC paper.

Thethermogravimetry testswere carried out using
the same apparatus as previoudly!**: aSETARAM
Setsys thermobalance coupled with a SETARAM
Wetsysdeviceto generate humidified air at relative hu-
midity of RH=90%at 60°C (“‘very wet air”, instead the
settings previously used: 80% at 40°C 101 “wet air™)
with agasflow of 20mL min?. Theoxidationtestswere
performed at 1000, 1100, 1200 and 1300°C for 48
hours. Inall casesthe applied heating rate was 20°C
min* and the cooling ratewas5°C min™.

Exploitation of theheating partsof themassgain
curves

During the heating theair present in the hot part of
thethermobal ance becomeslessand lessdense. This
resultsin adecreaseof theArchimede’s thrust, and then
inan artificial mass gain despite thereal mass of the
sample does not change (at | east during the low tem-
perature part of the heating when oxidationistill inex-
istent or very slow). A correction, earlier described™,
was gpplied to themass gain filesto takeinto account
theair buoyancy variation. After thispreliminary trest-

ment, the { medium to high temperature} part of the
heating curve becomeslinear and horizontal, dlowing
reading both thetemperature of rea start of oxidation
(beginning of themassgainrise) and thereal total mass
gain existing at the end of heating. Sincetherewere
four oxidation tests (becausefour stagetemperatures)
onecan determinefour timesthevaueof thetempera-
ture of oxidation start. Thisallowed to assessthere-
producibility or dispersion of the oxidation start tem-
perature, and then amorerealist comparison between
the present atmosphere and the two other atmospheres
tried in the previous studies carried out on the same
binary dloy™. Concerningthemassgain resulting from
the oxidation progress during the heating, four values
can beobtained for the[R.T.; 1000°C] range (the test
at 1000°C but also the tests at 1100, 1200 and 1300°C
for which the sampletemperature a so reached 1000°C
before continuingtoincrease). Threevaluesaresimi-
larly availablefor 1100°C, two values for 1200°C, but
only asinglevauefor 1300°C.

Exploitation of thecooling partsof themassgain
curves

Attheend of theisothermal stage, theoxidescae
whichformed over the sampleissubjected to increas-
ing compression stresses, dueto thedifference of ther-
mal contractionamplitudeexisting betweenthemetdlic
substrate and the oxide scale. These stresses promote
thelocal detachment of the oxidewhich may resultin
itspartia lossby spallation, phenomenonleadingtoir-
regularitiesinthecooling partsof thethermogravimetry
curves. Examiningthese partsof themassgain curves
alowsdeterminingif therewas spallation or not during
cooling, and thereforeto characterize the adherence of
the oxideformed. Thisgood or bad adherence can be
thereafter confirmed by the surface examination of the
oxidized sampleafter itsreturn to room temperature.

RESULTSAND DISCUSSION

Oxidation duringtheheating

Theend of theheating partsof thethermogravimetric
curvesarepresented in Figure 1(a), with an enlarged
view in (b). The start of oxidation seems having oc-
curred to temperatures which are seemingly closeto-
gether. Thefour temperaturesof detectablemassgain
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Figure1: End of the heating parts of the mass gain curves corrected from air buoyancy for the deter mination of the
temper atur esof oxidation start (less(a) or more(b) enlarged view)

duetooxidatiionaregivenin TABLE 1 (“very wet air”),
inwhichthevauesearlier obtained for dry air and “wet
air’ (RH 80% at 40°C) are also reminded to facilitate
the comparisons. It appearsthat the averagetempera-
ture of oxidation start tendsto be dlightly higher than
previously determinedin “wet air”, which was itself
dightly higher thanindry air. Thereproducibility isten
timesworsethanfor “wet air” but three times better
thanfor dry air.

Themassgainsachieved at the end of heating for
thefour temperaturesaregraphically presented in Fig-
ure2 (averagevaue+ standard deviation). In the same
graphthe corresponding resultsprevioudy obtained in
wet air areadded for comparison. Themassgainlogi-

TABLE 1: Temperatures of detectable massgain during
heating ver sustheair humidity

ox-ir;ra?i%?]ri;rrf (SfC) Air humidity

Stagetemperature  Dry™@  wet™  very wet
1300°C 915 863 851
1200°C 932 863 928
1100°C 732 863 878
1000°C 858 868 878
Average + Std dev. 859+91 864+3 884+32
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Figure?2: Total massgainsobtained during heatingin the
very wet air (aver age+ standard deviation calculated on 4
values for 1000°C, 3 values for 1100°C and 2 values for
1200°C); comparison with the results earlier obtained in
wet air (RH80% at 40°C)*%

calyincreaseswiththe[ Tstart of oxidation; stagetem-
perature] range. Furthermore one can see that these
mass gal nsobtained during heatingtend to bedl alittle

ey, P alzricly Seience

Au Tudian Yournal



466

Thermogravimetric study of the effect of the vapour concentration in wet air

MSAIJ, 8(12) 2012

Full Poper

lower thanearlier in “wet air”, which were themselves a
littlelower thanindry air 9,

For the high temperature parts of thefour heating
curvestheinstantaneous massgain rate K, was deter-
mined and plotted versustemperature according to the
Arrheniusrepresentation. Thefour In (K )=f (1/T) curves
whichwereobtained, displayedin Figure 3, tend to be
al dmost linear, thoughtwo out of them (Tgage: 1200
and 1300°C) seem perhaps to be composed of two
successivelinear partsbut with dopeswhich areclose
to oneanother. The slopesof theselinear curveswere
multiplied by R =-8.314 JJMol to expressthe corre-
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sponding activation energies, thevaues of which are
giveninTABLE 2, in comparisonwiththeonesearlier
obtained for thetwo other atmospheres (dry or “wet”).
The separation of the curvesin two partsfound here
for thetwo highest tagetemperaturesissimilar towhat
wasprevioudy observedindry air andinwet air, with
inadditionatransition at asimilar temperaturelevel.
However thevaluesof activation energy aregenerdly
different, evenif theonesdetermined in “very wet air”
areoften smilar totheonesdeterminedin “wet” air.

Oxideadherenceor spallation duringthecooling
Thecooling partsof the curves(Figure4) remain
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Figure3: Arrheniusplot of thelinear constant K, estimated at each step of temper atureincreaseduring the heating: up to

1000°C, up to 1100°C, up to 1200°C and up to 1300°C
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TABLE 2: Activation ener giesdescribing theArrhenius dependence on temper ature of theK, valueduring theheatingin
“very wet air”; in some cases: temperature range of transition from a high activation energy to a lower one; comparison with
thecorresponding resultsearlier obtained in dry air and in “wet air”!%

Linear oxidation

i - [10] - [10] .
during heating dry air wet air very wet air
Stage temperature energy temperature energy temperature energy
temperature range (°C) (kJ/mal) range (°C) (kJ/mal) range (°C) (kJ/mal)
1300°C 1098 to 1300: 111 1048 to 1300: 100 1062 to 1300: 136
915 to 1082: 214 863 t01030: 287 851 t01045: 138
1200°C 1081 to 1200: 186 1046 t01200: 91 995 to 1200: 120
932 to 1065: 292 863 to 1030: 221 92810 978: 164
s i 1030to 1100: 127 .
1100°C 732 to 1100: 132 863 0 1013: 291 878 to 1100: 194
R . . / / )
1000°C not applicable not applicable 868 to 1000: 182 878 to 1000: 273

regular until reaching theambient temperaturefor the  dency for littleirregul arities appear for thecooling from
samplescooled from 1000°C or from 1100°C. Aten- 1200, whilethe cooling part of the mass gain curves
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Figure4: Curvesof massvariation during cooling after oxidation in the“very wet air” atmosphere, in comparison with the
corresponding onesear lier obtained in “wet air”!*¥
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have become very irregular for the cooling from
1300°C. When one compares the cooling curves ob-
tained here after hot oxidationin“very wet air” to the
onesearlier obtainedin “wet air” only, it appears that
thecurvesarevery smilar for agiven temperature.
When one looks at the surface states of the oxi-
dized samples after return to room temperature
(macrographsinsertedin Figure4), it appearsthat the
oxide remained adherent to the substrate for the cool-
ing fromthe stage at 1000°C as well as after the stage
at 1100°C. In contrast, limited spallation seemingly oc-
curred during the cooling from 1200°C, and much more
oxide was obvioudly lost during the cooling from
1300°C. These qualitative observations can be strength-
ened by quantitative surface fractions, measured by
image analysis using Adobe Photoshop CS (TABLE
3). It appearsthat, if theintroduction of water inthe
oxidizingair earlier led to animprovement of theoxide
adherence, afurther water enrichment did not change

TABLE 3: Surfacefraction of denuded alloy after oxide
spallation during cooling (ver sus oxidation temperatureand
air humidity)

dry air wet air very wet air
% air Average Aver age Average
+std dev. +std dev. +std dev.
1300°C 18.3+4.5 1.8* +£1.5* 12.7+5.5
1200°C 18.1+2.2 35+1.6 1.840.5
1100°C 8.5+09 0.6+0.4 0.6 +0.1
1000°C 0.5+0.2 0.4+0.2 0.6+0.2

*: measurements not accur ate because shadow effect (the real
value are much higher than the present ones)
anymorethiseffect for cooling from 1000 or 1100°C,
dightly continued thiseffect for 1200°C, but led to a
partid lossof thisbenefiad effect for 1300°C (although
theadherenceisstill better thanindry air).

General commentaries

With these new thermogravimetry testsperformed
onthesamebinary Ni-25Cr chromia-forming aloy, in
the same conditions of stagetemperature and heating
and coolingrates, but for ahigher concentrationinwa:
ter vapour inair, it gppeared that the oxidation goeson
to start at dightly higher temperatureand dsotolead to
adlightly lower mass gain when reaching the stage
temperature. During the cooling the beneficial effect of
the presence of water in air for the resistance of the

oxideagainst spalation during the coolingisalso kept,
evenif adeterioration of the oxide scal e can benoted
when the cooling occurs after 48 hoursof oxidation at
1300°C (but without reaching the spallation earlier ob-
served indry air for acooling from thistemperature).
Thus, the effectsof the presence of water vapour inair,
previously observed for afirst water concentration,
were confirmed hereand they seem to beva uable over
amoreor lessbroad range of water concentration.

CONCLUSIONS

By enriching the previous studies ' with these
new results, oneobtainsabetter knowledge about the
behaviour of thisaloy, and probably for real morecom-
plex aloyswith chemica compositionsbased on Ni-
25Cr, inarange of water concentration but, itistrue,
for given vauesof theduration of theisothermd stage,
of thehegating rateand of the coolingrate. Theinfluence
of theheating rate on the oxidation during heating should
befurther investigated with additional testswhilethe
hightemperatureduration (which notably influencesthe
oxidethicknessjust before cooling) andthecooling rate
would bechanged toinvestigate their influencesin as-
sociaion tothevapour concentration. Much morework
remainsto bedoneat givenalloy.

ACKNOWLEDGEMENTS

Theauthor thanksLiond Arandawho performed
thethermogravimetry tests.

REFERENCES
[1] M.J.Donachie, S.J.Donachie; ‘Superalloys: A tech-
nical guide’, ASM International: Materials park, 2,
(2002).
D.J.Young; ‘High temperature oxidation and cor-
rosion of metals’, Elsevier, Amsterdam, (2008).
T.Jonsson, B.Pujilaksono, S.Hallstrom, J.Agren,
J.E.Svensson, L.G.Johansson, M .Halvarsson; Cor-
rosion Science, 51, 1914 (2009).
P.Pérez; Corrosion Science, 49, 1172 (2007).
S.Chevadlier, PJuzon, K .Przybylski, J.PLarpin; Sci-
ence and Technology of Advanced Materials, 10,
1 (2009).
Z.J.Lin, M.S.Li, J.Y.Wang, Y.C.Zhou; Scripta
Materialia, 58, 29 (2008).

[2]
[3]

[4]
[5]

(6]

Watarioly Science  mmm—
A 7WMW



MSAIJ, 8(12) 2012 Patrice Berthod 469

[7]

(8]
[9]

—== Pyl Paper

K.Hellstrom, J.E.Tang, T.Jonsson, M.Halvarsson, [10] PBerthod; Materials Science: Anindian Journal,
R.Pompe, M.Sundberg, J.E.Svensson; Journal of accepted paper.

the European Ceramic Society 29, 2105 (2009).  [11] PBerthod; Materials Science: An Indian Journal,
A.Yamauchi, X.Yi, T.Akiyama, K.Kurokawa; Ma- 8(9), 343 (2012).

terials Science Forum, 696, 395 (2011). [12] PBerthod, S.Kane; Materials Science: An Indian
C.Kaplin, M.Brochu; Surface and coatings tech- Journal, 8(8), 336 (2012).

nology, 205, 4221 (2011).

— Pt icly Science
ﬂaVMnW



