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Abstract. The effect of water vapor on the oxidation behawbea Ni-25wt.%Cr alloy in air was studied between
1000 and 1300°C by comparing, after test in dryaaid in a humidified air, mass gain results andaser/ sub-
surface metallographic observations. It is fourat,tin the conditions of the present study, thadient oxidation at
the beginning of the isothermal stage and the &athl oxidation are both slightly slower in wet thian in dry air.
The oxide formed in wet air over the surface tetodbe less coarse and less thick than the one tbimdry air.
The chromium depletion depths in the sub-surfaeesamilar between the two atmospheres but the ctrat®on at
the oxide / alloy interface is higher for wet dianh for dry air oxidation. The oxide scale formadniet air seems
more resistant against spallation at cooling tthanstale formed in dry air.
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INTRODUCTION

In many industrial applications water is presenti@ hot oxidant gases to which the metallic conepts can be
exposed in service. This is for example the caderbine blades used in power generation. The poesef water
vapor may influence the progress of high tempeeatixidation by modifying the structural charactéets of the
growing external oxide scales and the kinetics afsngain as well as of mass loss [1,2]. The chrdoniaing
refractory alloys or superalloys are especially agsned since, in water vapor-containing hot gaghbs,
volatilization of their protective oxide scale imhanced by the formation of oxy-hydroxides accaydin the
equation ¥2 GOs (s) + HO(g) + % Q(g) = CrOQ,(OH),(g) [1,3], with as result a decrease of the mags igae when
the oxidation progress is followed by thermogravimeWhen the temperature is very high the volzilion of the
platinum wire to which the sample is hung may alentribute to this linear mass loss by volatiliaati while, one
the contrary, a linear mass gain may occur in casedeposition of a part of the previous volaétizspecies on the
suspension in colder places of the thermobalartces thus important, in the mass variations recdrg the
thermobalance, to separate on the one hand thbghiaraontribution of the oxidation of the alloypdon the other
hand all of the linear mass losses (volatilizatiar) linear mass gains (recondensation), in ordetéter
characterize the resistance of the alloy to highperature oxidation. This uncoupling can be domesi@mple by
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evaluating the mass gain curves according to aadepheviously adapted to the assessment of botpaheolic
and volatilization constants from the mass gaiwvesirecorded during oxidation in dry air [4].

The aim of the present study is to test Ni25Cr-tgpenples cut from the same ingot obtained by egdiax
solidification, in dry air and in a humidified aivith the same thermo-balance and with the sameptstmeters
(heating and cooling rates, temperature and durabib the isothermal stage), in order to clearlyeavthe
differences of mass variation kinetics and the abimristics of the oxides formed (composition, madé
morphology, ...), induced by the presence of wat@ova

EXPERIMENTAL

Several ingots of about 40 grams were elaborated fsure nickel and pure chromium (Alfa Aesar, >998.of
purity) by high frequency induction melting und€@08nbars of pure Argon (CELES furnace, 50kW, abdf dnd
100kHz). From each of the four obtained ingots pacallelepipedic samples were cut, with as dimersabout: 10
x 10 x 3 mm using a Buehler Isomet 5000 precision saw. Thdaigs of each parallelepiped were polished with
SiC papers from 240-grid to 1200 grid, while thediges and corners were smoothed using the samegtiz00
papers.

All the thermogravimetry tests were performed witk same apparatus, a SETARAM SETSYS thermobalance,
coupled with a WETSYS vapor generator device. e samples cut in the same ingots were testedeasdme
temperature, one in “dry air” (no water added) #relother one in “wet air” (water added to reacho8tf relative
humidity at 40°C before entering the thermobalamee,about 59 mbars). The heating rate was +20RC" nthe
isothermal exposures at 1000, 1100, 1200 or 139@££48 hours long and the cooling rate was -5°C'min

The thermogravimetry files were analyzed first bgtfing the mass gain versus time (with the deteation of
the rate of the initial linear mass gain actingobefthe parabolic kinetic) for comparison betwebre two
atmospheres for a same stage temperature, anddskeggiotting the same data but according to thex{sm/dt =
Kp — K x m} scheme [4] (m: mass gain by surfacet anéa) in order to extract the parabolic conskgmiand the
linear constant K resulting of the sum of the vasitinear mass gains or mass losses possibly aogwturing the
isothermal stage (volatilization of chromia,jJKormed all around the sample and of the platirafrthe wire (K,
redeposition of species k) on the colder parts of the suspension). One bartlg remind that plotting the {m x
(dm/dt)} quantity (unit: g2/criis) versus {-m} (unit: g/cm?) leads, for m high e, to a straight line the ordinate
at origin of which is Kp (unit: fcm?/s) and the slope of which is K (unit: g/@’s).

The oxidized samples, after cooling to room temjoeea were scanned and the image obtained werecedjto
image analysis (Adobe Phoshop CS) to assess ttiiofra of alloy surface having lost its externaldexscale by
spallation, by counting the grey pixels (oxidel gtilesent) and the white pixels (metallic surfa¢eRay Diffraction
was run using a Philips X'Pert Pro diffractometerayelength of the K transition of copperA = 1.5406
Angstroéms) to identify the nature of the oxidesied. Later they were coated on one side by carlepogition to
allow high magnification observation of the extdrnzorphology of the scales, using a Jeol JSM-7660#Hd
Emission Scanning Electron Microscope. They weesdhfter coated on both sides with a thin goldragposited
by cathodic sputtering (Fine coater JEOL JFC 12@0)rder to obtain a surface electric conductivybsequently,
a much thicker nickel layer was deposited by etdgiic coating in a Watts bath in order to protdw oxide scale
against possible deterioration during cutting. Fjnghe specimen was cut in two parts using themisb 5000
precision saw. The two halves of each oxidized sanmvere then embedded in a cold resin mixture (ESéxaldite
resin CY230 + hardener HY956) and finally polisheith SiC papers from 120-grit to 1200-grit, ultragzally
cleaned, and polished again, with 1um paste tarobtanirror-like surface state. The thickness @& tixide scales
were photographed and measured using an opticabseiape, while Wavelength Dispersion Spectrometofilps
were performed across the oxide scales and thg sllo-surface in order to complete the oxide idigation and to
characterize the chromium-depleted zones.

RESULTS
Thermogravimetry Results

The obtained mass gain curves (examples in Fighreehrly show that the mass gain progress is gtyon
dependent on the presence of the water vapor ioMidkzing hot air, as evidenced when the two carebtained for
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a same temperature but in the two atmospheresamnpared. Generally the mass gains achieved in iwera
significantly lower than the ones obtained in dig &ore precisely these differences seem to reoln an
enhanced volatilization as suggested by the aliosizontal end of the mass gain curves obtainedah air. It
appears thus necessary to try determining both pw@bolic constant Kp and the linear kinetic comista
K=K,+Kp+Kgep more to do not minimize Kp than to valug Which cannot be extracted from K sincg.kcannot
be known.

Before analyzing the “parabolic part” of the curwee can start by simply determining the linear tamsk
characterizing the end of linear oxidation at thdyebeginning of the isothermal stage, where tbég/\igh mass
gain rate can be specified without assessment efrdbes of mass loss by volatilization or mass dginre-
deposition which are not fast enough to influerreetalue obtained for the transient oxidation ratee values are
graphically presented in a Arrhenius plot in Fig@raevith the same scales for the values obtainettyrair (a) and
in wet air (b). The points corresponding to thesddues for the four temperatures are more (wetailgss (dry air)
on the same straight line, leading to activatioergies which substantially differ (150kJ Mdh dry air, 80kJ Mot
in wet air).
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FIGURE 1. Thermogravimetry curves obtained at 1100°C (&) atriL300°C (b) for the Ni-25Cr alloy in dry air
and in wet air, showing the dependence of massayathe presence of water vapour
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FIGURE 2. Arrhenius plot of the linear constant charactagzhe transient oxidation at the beginning of the
isothermal stage for the tests at 1000°C, 11002003C and 1300°C, in dry air (a) and in wet air (b)

The {m x dm/dt = f(m)}-plot of the mass gain filed to graphs displaying a linear part for the bigim values,
the equation of which is written in each of the tgraphs presented as examples in Figure 3 (12008/@&id(a) and
1200°C/wet air (b)). The obtained values, preseintddable 1, show that the addition of water vagiotultaneously
led to a significant decrease in parabolic constaespecially at 1100 and 1200°C for which Kp im@dt divided
by 2 — and to an increase in linear constant Kglbheo especially at 1200 and 1100°C).
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FIGURE 3. Treatment of the mass gain results accordingedrm x dm/dt = Kp — K x m} method [4]

The parabolic rate constant Kp and the linear @mdt both increase with the temperature of théhisonal
stage. As shown by Figure 4 Kp more or less obeysngperature dependence of an Arrhenius type it eac
atmosphere, but only the pre-exponential constapedds on the water vapour content since the ta@ht lines
are parallel and thus the activation energy is atrttee same for the two atmospheres (about 210k3)Mo

TABLE 1. Values of the parabolic constant Kp and of the tam<K including all the linear mass gain variason
(chromia volatilization, Pt volatilization, re-degition), derived from the m x dm/dt = f(m) plots.

Constants Kp (x 10%2 g° cm™ s K (=Ku+KprtKae) (X 10%° g cm® s™)
air dry wet dry wet
1300°C 236 170 418 460
1200°C 54.9 30.6 90.5 135
1100°C 16.0 9.09 33.9 67.7
1000°C 4.82 3.51 23.5 335
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FIGURE 4. Arrhenius plot of the Kp values obtained at therftemperatures in the two atmospheres

Oxide Scale Morphology

During the cooling to room temperature the oxidesles mainly remained on the sample surfaces, wagth@a
part was locally lost on the two main faces, a pineenon more important for a higher temperaturefandry air



than for wet air (i.e. for a thicker oxide scala}, illustrated by Figure 5 for one of the two méines of each
sample. The results of image analysis, shown ifeT2bgive some data about oxide spallation.

1000°C 1100°C 1200°C 1300°C

dry air

wet air
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FIGURE 5. Surface states after the oxidation tests revgdtia sample parts affected by oxide spallation

TABLE 2. Fractions of sample surface affected by oxide apal during cooling, for the four temperatures of
isothermal exposure and the two values of air hitgnid

surf.% of oxide

lost by spallation Average £Std deviation(o)

air dry wet
1300°C 17.38 £6.50 3.41 £1.92
1200°C 13.77 £3.22 4.25 £0.55
1100°C 10.62 +1.69 0.33 +0.19
1000°C 0.77 +0.32 0.36 +0.16

It was also possible, after deposition of carboaltow the use of the FEG-SEM, to examine the sadaof the
samples, essentially in the Secondary Electronsem#éd illustrated in Figure 6, the presence of watgour
induced some modifications to the external textfrthe oxides formed over the samples. The sanpligzed in
dry air tend to display oxide scales coarser th@nanes formed in wet air. In addition, as illustdaby the XRD
spectra given as examples in Figure 7, the sanglelized in dry air generally contain several tym#soxides
(between 1000 and 1200°C: NiO angNli©, are detected in addition to %) while only chromia is present on all

the samples oxidized in wet air.



FIGURE 6. SEM micrographs of the external oxide scales df8ehours of oxidation at 1100°C of the Ni-25Cr
alloy in dry air (a) and in wet air (b)
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FIGURE 6. Examples of the diffraction spectra obtained onstinéaces of the external oxides

After electrolytic deposition of nickel, cutting,aanting and polishing the oxidized samples were alsserved
in cross-section (Figur8). The scales appear to be thinner after oxiddtiomet air than after oxidation in dry air.
The oxide seems to be a little more porous in @me of wet air. The average thickness of each cstdée was
determined by measuring the thickness on micrograggken in several locations (Table 3). The results
quantitatively confirm that the scales grown in \aigtare thinner than those grown in dry air.
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FIGURE 8. Oxide scales formed after 40 hours at the four satpres in the two atmospheres:
dry (upper micrographs) and wet (lower micrographs)

TABLE 3. Values of the thickness of external oxide Q3 versus oxidation temperature and air humidity

Thickness of external oxide

Temperature Average +Std deviation(o) Min (average - @) — Max (average +0)
dry wet dry wet
1300°C 39.82 +3.28 31.83 £1.59 36.5-43.1 30.343
1200°C 18.83 +1.59 16.00 +1.48 17.3-20.4 14851
1100°C 15.17 +2.62 8.50 +3.73 125-17.8 4.8212.
1000°C 5.20 +2.21 4.73 £3.07 3.0-7.4 1.7-7.8

The WDS profiles of chromium concentrations firenfirmed the additional presence of nickel oxided af
nickel-chromium oxides in the scales developedhensamples exposed to dry air contrary to the oriized in
wet air. They also allowed characterizing the némomium distribution in the sub-surface affecteddxydation.
First, as illustrated in Figure 9, the minimum @ntent in the alloy at the oxide/alloy interfacads to be higher
after oxidation in wet air than after oxidationdry air (Table 4). For wet air the average Cr-geatli assessed as
the slope of the regression straight line of the@rtent profile in the Cr-depleted zone, is alsaagally lower than
for dry air (Table 4). The same observation camlagle concerning the depth depleted in chromiuml€érap This
finally results in a chromium mass having left @illoy which is of course higher for higher temparatbut also
lower after oxidation in wet air than after oxidatiin dry air (Table 5), this being in full agreemevith the order of
the real Kp values (i.e. corrected from chromiaatibtation) between dry air and wet air (Table 1).
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FIGURE 9. WDS chromium profiles across the sub-surfaces®NRh25Cr samples

after 48 hours of oxidation at 1100°C (a) and &@0E€ (b)

TABLE 4. Chromium content in extreme surface and averagenulum gradient (slope of the regression straight
line of the linear part of the profile) across tedepleted zone versus oxidation temperature arfdieidity

Temperature Surface Cr content (wt.%) Cr gradient (10° wt.% pm™)
dry wet dry wet
1300°C 19.1* 19.7-20.3 19.3* 16.2 -16.3
1200°C 20.8-21.1 20.2 - 20.3 32.4-33.8 34233
1100°C 17.0-18.5 18.8-21.1 120-136 60 - 106
1000°C 16.5-19.1 19.1-21.8 264 - 378 111 - 253

*. only one WDS profile was realized

TABLE 5. Depth depleted in chromium and mass of chromiurntdgdhe alloy

versus the oxidation temperature and the air huynidi

Chromium depletion

Temperature Cr-depleted depth (um) Cr mass lost (mg cif)
dry wet dry wet
1300°C 490* 408 - 506 10.9* 9.58 — 9.60
1200°C 211 - 220 194 - 198 4.43 - 4.67 3.98 —4.33
1100°C 101 - 105 93 -99 2.90-3.10 2.09 —2.69
1000°C 32-48 32-42 0.88-1.21 0.91 - 0.99

*. only one WDS profile was realized



DISCUSSION

Many studies have been done concerning the effegater vapour on the high temperature oxidationay@ur
of metallic alloys. As generally mentioned the prece of water vapor in the oxidizing air signifidgmmodifies the
mechanisms of oxidation as well as the oxidatides.aln this work achieved on a material strictiyolled, a Ni-
25Cr alloy especially elaborated and displayinglidgied microstructure totally free of any plastiieformation
(differently from cold rolled samples for exampkd with exactly the same chemical composition aumiting
orientation of the two samples exposed at the demeerature but one in dry air and the other onsédhair, the
comparison between the two atmospheres was ablgotlitect, the possible emerging differences havingoe
necessary attributed to the water vapour contérappeared first that the mass gain curves obtaittesl same
temperature but for the two atmospheres were vigigrent from one another. This was first obsereedcerning
the values of the linear constants(&t the early beginning of isothermal stage) fbiicln one noticed for all tests a
systematically lower rate in wet air than in dry, avith in addition a very marked difference ofiaation energy.
Unfortunately the available elements did not alioterpreting such difference and an extension wf study may
include in situ XRD measurements during the heagimgand in the beginning of the isothermal stage.

Another kinetic difference concerns the parabotinstant Kp which was significantly lower in wet #wan in
dry air. This order, which is inverse to some & tiher studies previously carried out relatechtodffect of water
vapor — notably [5] which concerned also a Ni-2%@oy but forged/hot rolled instead cast — is @onéd by the
comparison of the thicknesses of the external axids well as by the chromium masses having |eftatoy
deduced from the WDS profiles. However it is trhattthe {m x dm/dt = K— K, x m} method [4] was developed
by considering that the linear kinetic constantyacdncerns the GD; volatilized from the oxide scale present on
the sample, while the constant K determined hess awt include only Kbut also other terms (notablyd). By
reminding in addition that other oxides (of Ni aofdNi + Cr) also formed on this Ni-25Cr in dry athis leads to
the fact that the chromia volatilization, Konstant was not accurately determined and that ttte {chromia
volatilization}—corrected K constant is not here determined with a very higbueacy. Nevertheless the trend
concerning K is obviously good and one can also think that#ries with the air humidity in the same way as th
global K value.

It was here interesting to see that the preseneatdr vapor allowed the samples to be coverednbyahromia
while other oxides existed in addition on the saspbxidized in dry air, this in addition to thefdience of
apparent fineness of the most external part obide. The latter point, as well as the better agivee of the oxide
formed in wet air, are phenomena which were preslioreported by [5] as well as in many other stadig. [6]).

CONCLUSION

The presence of water vapor in hot air, which isegelly known to have a great importance on théh hig
temperature oxidation behavior of the alloys, geltgin the bad way, obviously had rather a positinfluence in
the present case, i.e. for the studied cast Ni-28/0y and for the studied water vapour concerdgratindeed the
oxidation rate was slowed (but the chromia-volzgilion rate probably accelerated), as shown by the
thermogravimetry data, oxides thicknesses and digations of alloy’s chromium consumption. Furthrre the
oxides were of pure chromia, showed a finer momipal and a significantly better adherence on thestsate, an
important point for alloys which are exposed tathal cycling. After these observations one can imaghat it can
be interesting to artificially enrich hot air withprecise quantity of water to improve both theéheomal oxidation
resistance of such alloy and its resistance agayeding oxidation. However these observations riedae enriched
by additional investigations, including for examesitu XRD measurements during certain periodsxflation
for better characterizing the mechanisms of oxatatind their differences between dry and wet atimersp In
addition technical improvements of the thermograetiin device are required for avoiding the re-dépms of
volatile species and for allowing a more direceassnent of the chromia volatilization constant.
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