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ABSTRACT

The Ni-25Cr samples oxidized at high temperature with thermogravimetric
measurements exploited onthe massgain kinetic field inthefirst part of this
work, were here metallographically prepared and subjected to different
investigations: X-ray diffraction and SEM observation of the outer scales,
cross-section examination of the quality and thickness of the external oxides
and chromium concentration in the subsurface. It appeared that, if sensible
differences were found again between the present samples and samples of
thesamealloy but oxidized in dry air, the differences between oxidation with
this higher water vapour content and oxidation with a less humidified air
studied in a previous work, were not significant. This confirms the first
feelings deduced from the kinetic results. In this range of water vapour
concentration, the oxidation behaviour remains almost the same. Further
investigations devoted to demonstrate an effect of water concentration in
air must concern higher vapour concentrations associated to higher
pressures.  © 2014 TradeSciencelnc. - INDIA
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The presence of water vapour in hot airisknown
to possibly influencethe progress of oxidation, onthe
kinetic field aswell as on the mechanismsone. Su-
peralloys, whichareamong themost used metallic ma-
teridsfor serviceat high temperatures, areparticularly
concerned and their protective oxide scales, chromia,
aluminaand silica— developed over the piece surfaces
thanksto high contentsin Cr, Al and/or S intheseal-

loys? —are notably subjected to specific reactions and
mass gain kinetic modifications. In the case of the
chromia-forming superdloys, for example, thefollow-
ing reaction occurg®3:
¥ Cr, O, (solid) + H,0 (gas) + % 0, (gas) - CrO,(OH), (gas)
Thisnew oxidation reaction affecting chromia",
which leads to new chromium containing specie—a
volatileone— oxide-hydroxide of chromium"', induces
an overconsumption of chromium for asamethickness
of thechromiascae, modifications of itsstructure (po-
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rosities...) and thusitstransport properties (with con-
sequences of theanionic or cationic diffusion through
thisprotectivesca€). Thismay influencesthe parabolic
oxidation kinetic asit was often observed, and found
againfor aNi-25Cr aloy™™. Other possibleeffectswhich
were noticed concern adherence of the chromiascale
on thealloys, which was notably noticed to be better
thanin dry atmosphere®7.

Thehightemperatureoxidation behaviour isdepen-
dent not only onthe presenceor not of water vapour in
air but also on the gaseouswater concentrationinthis
oxidant amosphere. Differenceswerenoticed againfor
the isothermal oxidation ratein thefirst part of this
work®, but they were not very easy tointerpret and it
was expected that the metall ographi c characterization
of the oxidized Ni-25Cr samples may help to under-
stand why two water vapour contents may lead to dif-
ferent massgain and chromiavolatilizationkinetics. This
isthe purposeof the present second part of thework
to exploit the oxidized samplesto alow clearing the
effectsof thewater vapour concentration.

EXPERIMENTAL

Onecanremind that the Ni-25Cr aloy, elaborated
by foundry from pure nickel and chromium, was sub-
jected to oxidationinindustrial air (80%N,-20%0,)
added withwater vapour by targetingarelative humid-
ity of 90% whentheair wasat 60°C (named “very wet
ar”) before being heated to the temperature wished for
theisothermal stage. The considered isothermal stage
temperatureswere 1000, 1100, 1200 and 1300°C and
their durationswereall 48 hours (heating and cooling
rates. 20°C min? and 5°C min'). The obtained
thermogravimetric measurementswere previoudy ex-
ploited to precise oxidation dataconcerning the hegting
phasg?, theisotherma kinetid® and thecooling phasg”.

Theobtained oxidized sampleswere here studied,
first by X-Ray diffraction (diffractometer Philips X Pert
Pro, wavelength of Katransition of copper: 1.5406
Angstrom). They were thereafter covered by electro-
deposition of nickel for strengthening against possible
oxide break during cutting. Cross-sectionswere pre-
pared by cutting, embedding, polishing (SIC paperswith
gradefrom 240 to 1200, ultrasonic cleaning, 1pm alu-
minaontextile), then observed.
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The observations of the oxidized surfacesbefore
cutting weredoneus ng two Scanning Electron Micro-
scopes (SEM): a Hitachi $4800 FEG SEM for the
samples oxidized in very wet air, and a JEOL
JSM 7600F for ol der Ni-25Cr samplesoxidized at the
sametemperatures and during the sametimesbut in
dry industrial air (80%N,-20%0,), for comparison.
After cutting, embedding and polishing, the obtained
cross-sectionswereexamined usingathird SEM (JEOL
JSM6010LA). Genera and local chemical composi-
tion measurements were performed with the Energy
Disperson Spectrometry (EDS) devicesequippingthe
SEM.

Wave ength Dispersion Spectrometry (WDS) con-
centration profiles, performedwithaCAMECA SX100
microprobe, were acquired through the external oxide
scal e and the subsurfaces, perpendicul arly to the ex-
treme surface, to characterize the chromium depl eted
zone.

RESULTSAND DISCUSSION

Surfacecharacterization

Before cutting the oxidized sampleswere observed
in electron microscopy. Some micrographstakenin
Back Scattered Electrons (BSE) mode (with “BSE”
inserted) and the onestaken in Secondary Electrons
(SE) mode, at different magnifications, are presented
inFigure 1toillustratethe oxidescalemorphol ogy. One
can see that the scales do not entirely cover the sur-
face, dueto oxide detachment during cooling™ (oxide
gpallation which did not occur — or at least much less
frequently — for less humidified air¥. They arealsoto
be compared to the ones taken on aNi-25Cr earlier
oxidizedindry ar a thesametemperaturesand for the
sameduration, presented in Figure 2 (for each oxide
gpd lation al so occurred). One can seethat therugosity
of theouter partsof thechromiascdesaresmilar, while
therewasafiner texture of thechromiascaleformed
ontheNi-25Cr aloysearlier oxidized in moderately
humidifiedart®.

TheXRD diffractogramsperformed onthesurfaces
of theoxidized samplesbeforecutting al show that only
chromia(Cr,O,) ispresent onthe surface of the oxi-
dized samplesas shown by thetwo exampl esdisplayed
in Figure 3 (Ni-25Cr oxidized 48h at 1100°C) and in
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Figurel: Theoxidized surfaceof threeof thefour samples Figure2: Theoxidized surfaceof threeof thefour samples
observed with aSEM (Hitachi S4800) observed withaSEM (JEOL JSM 7600F)

Figure4 (Ni-25Cr oxidized 48h at 1200°C). The other  cubic crystallinenetwork of nicke alittle distorted by
pesksareto beattributedtothedloy itsdf (facecentred  thepresenceof chromiuminsolid solution).
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Figure3: XRD diffractogram acquired on the outer surface of the Ni-25Cr sampleoxidized at 1100°C
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T Cr,Q0, Ni-25Cr sample oxidized in very
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Figure4: XRD diffractogram acquired on the outer surfaceof the Ni-25Cr sampleoxidized at 1200°C
Cross-section char acterization graphsgiveninFigure5 show theoxides scalesformed
After metallographic preparation achieved as de- over tr_\e _four samples. T_he (_)xi descaleisobviously
scribed abovetheoxidized sampleswereexaminedin - chromiainall cases, confirmingthe XRD results. The
cross-sectioniin dlectron microscopy again. Themicro- averagethicknessislogicaly higher for ahigher tem-
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Figure5: SEM/BSE micrographs(JEOL JSM 6010L A) illustr ating the oxidized surfacesof thefour samples
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perature, asalso graphically demonstrated in Figure6.
It variesfrom about 6um for 48h at 1000°C to 31um
for thesameduration at 1300°C. These values are lower
than the corresponding ones earlier obtained for dry
ar (from5at 1000°C to 40pm at 1300°C) and even
dightly lower than the ones earlier obtained for more
moderatdly humidified air (80% of rdativehumidity in
air at 40°C),
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Figure 6 : Evolution of the oxide scale thickness with the
temperature

Concentration profileswereperformed in WDS
with the microprobe through the external oxide scale
and the subjacent alloy depleted zone. Theresultsare
presented in Figure 7, Figure 8, Figure9 and Figure 10
for respectively 1000°C, 1100°C, 1200°C and
1300°C. First they confirm again that the external ox-
ideischromia Second, severd characteristicdatawere
taken out these profiles: the chromium content in ex-
treme surface (graphically represented in Figure 11),
and the depth of the chromium-depl eted zone (Figure
12).

One can seethat the chromium content in extreme
surfaceislower thantheinitial Cr contentinthealloy,
but after 48 hours, even at 1300°C, it remains high
enoughtoalow thedloy displayingachromia-forming
behavior. It isat thesamelevel asprevioudy seenfor
thesameadloy after oxidation for thesametimeand at
the sametemperaturesin dry air and lesshumidified
air¥. The depth of the subsurface zone of alloy de-
pletedin chromium|logically increaseswith tempera
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Figure7: WDSconcentration profilesacr osstheoxide scale
and the subsurface of the Ni-25Cr oxidized at 1000°C in
very wet air
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Figure8: WDSconcentration profilesacrosstheoxide scale
and thesubsurfaceof theNi-25Cr oxidized at 1100°C in very
wet air
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Figure9: WDSconcentration profilesacrosstheoxide scale
and thesubsurfaceof theNi-25Cr oxidized at 1200°C in very
wet air
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Figure 10 : WDS concentration profiles acr oss the oxide
scaleand thesubsurface of the Ni-25Cr oxidized at 1300°C
invery wet air
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Figure 11 : Chromium content on extreme surfacefor the
four temper atur es(averageand standar d deviation calculated
from two valuestaken from two concentr ation pr ofiles)
ture. Heretoo the Cr-depleted depth are of the same
level aspreviously observed for the samealloy after
oxidation during the sametime and at the sametem-
peraturesindry air and lesshumidified airt®.

General commentaries

Therewerethen no great differencesbetweenthe
Ni-25Cr samplesoxidized herein very humidified air
andthesamead oy oxidizedinlesshumidified ar previ-
oudly studied. Theexterna oxide scd e are composed
of only chromiain thetwo cases, theouter surfacetex-
tureof these scalesare similar, the chromium contents
inextreme surfaceare globally the same and the same
comment can bedonefor thechromium-depl eted depth.
Thedifferencesweremore evident between oxidation
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Figure 12 : Depth of the chromium-depleted zone in the
subsurfacefor thefour temper atures(averageand sandard
deviation calculated from two values taken from two
concentration profiles)

indry air and oxidationinar moderately richinwater
vapour. The single noticeabl e difference between the
two water vapour concentrationsis maybethethick-
nessof chromiascalewhichisheregeneraly dightly
lower thanfor lesshumidified air, thismaybe evidenc-
ing afaster chromiavolatilization for ahigher water
vapour concentration. The present metallographic re-
sultslet think that the differenceswhich seemed exist-
ing between the values of parabolic constant and of
chromiavolatilization constant are probably moredue
to measurement scattering than to areal effect of the
vapour concentration. In contrast, it washowever found
agantha hot oxidationinhumidified arisdifferent from
hot oxidationindry air.

CONCLUSIONS

Thus, if thebehavior in oxidation at high tempera-
ture of such achromia-forming alloy asthisNi-25Cr
alloy isstrongly dependent on thefact that air ishu-
midified or not, theinfluence of the content of air in
water vapour content isnot very important, at least in
therangeof vapour concentration testedin an earlier
work!® andinthe present study. Thiswasfirst suspected
by considering thekinetic datain thefirst part, and here
by exploiting the metall ographic results. Degper inves-
tigationswill bedoneby increasing again thewater con-
centration and by increasingthegas pressureat thesame
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