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Abstract. Microstructure phenomena resulting from high terapee oxidation of a simple nickel alloy and
two cobalt-base superalloys were studied by mimnosire examinations and thermodynamic calculatidhe
latter allowed to better quantify what happenedcémbon during oxidation, which was not possiblehwit
microstructure examination and microanalysis al@ame, to explain the microstructure changes dueiation.
At 1000°C, due to the Cr oxidation, the grain baanydcarbides dissolve and the carbon diffuses idsyaxhere
new carbides form. However, at 1100 and 1200°Cc#nbon diffuses outwards to the surface. Thermanhya
calculations were used to explain the seeminglgidiht mechanisms of carbon diffusion.

Introduction

When superalloys are oxidized at high temperatusggle scales grow on their surface. Aluminun
and/or chromium are precisely added to the allaysrder to form a continuous oxide layer over thdage of
the alloy. During oxidation, this layer acts asratective layer since chromia ({3) and alumina (AlO3) are
stoichiometric oxides, without many defects sucmgarstitial atoms or vacancies that could helpsidiffusion.
Thus the oxidation rate remains low. Other reacéle@ments such as titanium or tantalum, when ptesan
also participate in the formation of oxides [1,2].

During oxidation, many of these elements diffuseals the oxidation front [3,4]. When temperatur
and/or time exposition are high enough, concewimagradients appear. This evolution of the locadnsital
composition can lead to microstructure modificasioRigure 1 illustrates, for example, the casenoindustrial
piece after working at nearly 1000°C for a longdifseveral hundreds hours). Its microstructureasdified by
the disappearance of the initial carbides fromatifiected zone, and by the precipitation of new w@eicphases a
little deeper. While it is generally easy to detebiere metallic elements from disappearing phaagse bone, it
is much more difficult for other constitutive elemi® For instance, when chromium carbides dissdive,
carbon can diffuse towards the oxidation front éodxidized by air into CO or GQor can go back into the
matrix. However, carbon is particularly difficuld tanalyze by microprobe since it is a light elemand its
amount in most superalloys is very small. Fortuyatén addition to the microstructure examinations
microanalysis of heavier elements, thermodynamicutations can help to understand where light elene
have gone, to better describe the oxidation phenareits consequences on the microstructure.

Experimental Method

Characteristics of the Alloys Studied

Superalloys are often used as structural part®ianautics or hot industrial processes for tempesat
higher than 1000°C. Generally they are designaédsist high temperature oxidation by gases anaddmwosion
by molten salts. For that they contain oxidablengets which promote the external formation of $tmmetric



refractory oxides that act as a protective laygrThe sufficient mechanical properties of supenglare due to

both thin hard precipitates dispersed in the aflag. NgAl and secondary carbides) and coarser hard pastic
like carbides present in grain boundaries.
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Figure 1  An industrial example of microstruetdeterioration
during high temperature oxidat{eample observed
with an optical microscope after etching)

The alloys studied here are of two types. Firstrehare two cobalt-base superalloys, industriall
employed in hot processes. They contain mainly Itoblaromium and nickel but also tantalum and carda
order to easily begin this study, a simple nickiébyawas also synthesized. Table 1 displays themite
composition of these three alloys.

The simple nickel alloy, called NiA, was synthesiza small quantities by High Frequency inductior
melting (ingots of nearly 50g) in a copper coldatble. Cobalt-base superalloys were obtained uailbigger
induction furnace (Balzers, capacity of 20kg), un@liegon gas. In the latter case the molten allogsenpoured
and solidified in a sand mold (bonded with an Aldtaresin) in the furnace enclosure. In addititwe, tivo
cobalt-base superalloys underwent a homogenizateaiment at 1200°C for 2 hours, followed by a stag
1000°C for 10 hours. Finally they were air quenchBtus they get a dense and homogeneous pre®pitati
thin carbides. In all cases, the alloys were sysifleel using pure elements.



Table 1

Typical Chemical Compositions of the &ddAlloys (in weight %)

Alloys Co Ni Cr C Ta
NiA / bal 30 0.2 /
CoA bal 8.5 30 0.4 6
CoB bal 8.5 30 1.0 6

High Temperature Oxidation Runs and Microstructure Examinations

Oxidation tests at high temperatures were perforosag two thermobalances. For NiA a Setaram MT]
10-8 was used while the two cobalt base superalogie tested with a Seteram TG92. The samples we
parallelepipeds, the dimensions of which were al2ootm x 10 mm x 10 mm. The surface was polishet wi
SiC paper from 80 to 1200 grid under water. Ox@hatests were performed mainly during 100 houta0°C,
and 1100°C in some cases, under an industrialaair &t 1.5 liter/hour. After oxidation tests allnsples were
covered using cathodic evaporation of gold, in ptdegive a good electrical conductivity to the exxial oxide
layer. Then, the samples were strengthened byemtrelytic deposition of nickel. The samples weue ia two
parts using an Accutom-2 saw equipped with a diaiidade, then embedded in a cold resin (Araldite28Y
+Strengthener Escil HY956). Polishing was donest fivith SiC paper from 80 to 1200 grid under wateen
finished with diamond pastes 6um and 3um (DP-SwsperP of Struers).

A Scanning Electron Microscope (SEM) Philips XL3@svused in Back Scattered Electrons (BSE
mode. The constitutive phases can clearly be obdesince the average atomic numbers are sensiifdyettit.
In addition, some of them were clearly identifieg Bnergy Dispersion Spectrometry (EDS) associatethe
SEM, or by Wavelength Dispersion Spectrometry (WDShg a Cameca SX100 microprobe. Furthermor
SEM was also employed to analyze the mean chenueoaiposition of a selected area over the loc:
microstructure. Microprobe was employed to get eoti@tion profiles through the external zone detated by
oxidation.

Image Analysis

Measurements of the surface fractions of the diffepphases were realized on SEM photographs (B
mode), using the AnalySIS software of Soft ImagBystem GMBH. The results are surface fractionanfro
what, assuming that surface fraction and volumetifsa have similar values, volume fractions werseased.
Using the equation (1), and using room temperaderesities of the different phases, the mass fraafoeach
phase was estimated.

p¢j -fvol (¢J)
204, -Fua (61))

Frnass(®) = 1)

The values used for the densities (in g 3@re 8.9 for the matrix, 6.941 for the,Cs carbide, 6.953 for
the Cp3Cs carbide and 14.5 for the TaC carbide [6].

Thermodynamic Calculations

Thermodynamic calculations were carried out usihgrino-Calc software [7] with the SSOL databas
(SGTE) [8]. For the more complex cobalt alloys, 880OL database was completed with binary and tgrne
systems : Ta-C [9], Co-Ta [10], Ni-Ta [11], Cr-Ta2], Co-Ta-C [13], Ni-Cr-Ta [14]. Thereafter, onfgur
ternary systems were still missing in the new dadab: Co-Cr-Ta, Co-Ni-Ta, Ni-Ta-C and Cr-Ta-C. Ther
Calc calculations have been performed, firstly ¢éoify the good accordance of chemical compositiod the
stable microstructure at the considered high teatpex. Secondly, calculating isothermal or othésgrms for
the oxidation zones lead to determine an uppet fionithe carbon content, and to calculate the giotd carbon
content, knowing quantitatively both microstructued the other elements contents from image asabrsil
microanalysis. Thirdly, thermodynamic calculation used to understand why carbon seems to diffuse
different directions at different temperatures.



Results obtained on the NiA simple Nickel Alloy atr Oxidation at 1000°C

Bulk Microstructure after Exposure at 1000°C for 1@ hours

Figure 2 shows an example of SEM photograph ofntieostructure in the bulk after 100 hours a
1000°C. Compared to the initial microstructure Wdrich more carbides were present (but still in das@ble
state), carbides here are smaller and more digpeidese carbides were identified ag@r microanalysis
being able to estimate the carbon content in sadbon rich phases, despite of their small size.

For the whole photographed zone, EDS microanaligsid to weight contents equal to 29.46% fo
chromium, carbon being not detected because dbwscontent and its low atomic number ; nickel e t
balance. Image analysis lead to surface fractidnegabetween 1.72%surf and 3.58%surf. The averafjey
which is of 2.65%surf (f.ss2.08%), was obtained by Thermo-Calc for 0.20%w#0.1).

matrix

\ Cr7C3/

carbides
AccV Spot Magn Det WD 50 pm
Figure 2 Bulk microstructure of the NiA alloy

Surface Microstructure after Exposure at 1000°C forl00 hours

Near the external surface the NiA alloy microstuuetis severely damaged (Fig. 3). From the surfa
into the bulk, the initial microstructure is repdacwith two distinct zones. The outer one, theezattlled "no
carbide zone", has completely lost its carbidesiartkteriorated by both internal oxidation andesgypnce of
voids. The inner zone now contains some carbiddswith a rounder shape, and some newly forme
precipitates. The latter exhibit an acicular shaliégrent sizes and orientations.
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Figure 3 Microstructure changes along the oxiaetiont of NiA after 100h at 1000°C



Spot microanalysis were performed using both ED8 ®WDS techniques

. acicular particles an

compact particles seem to be chromium carbides;iwéxplains their dark color in BSE mode. The atoratio
generally found indicates that these carbides &@:;Qat different acceleration voltages).

Several chromium profiles, obtained by WDS micrdgsia, were compared to the different
microstructure zones. It appears that, as illustkdiy Fig. 4, the no carbide zone corresponds higla Cr
gradient and a chromium range of [21%wt , 26%wtEeréas the zone containing acicular carbides esh#it
lower Cr gradient and higher chromium contents.
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Figure 4 Correspondence between %wt Cr profile

and the successive microstructures

In addition, SEM photographs at high magnificatibke the one presented by Fig. 5, were taken c
several areas on the acicular precipitation zoS Bnalysis of the chemical composition was peréatron the
same area (including matrix and carbides). Theaesxlts lead to an average @fd&4.64% of carbides and a

chromium content of 29.81%wt.

Thermodynamic Calculations

Firstly, for the no carbide zone, an isothermahaey Ni-Cr-C diagram was computed for T=1000°C
(Fig. 6). Considering the nickel-rich corner and tinromium contents measured with WDS profilesughothis
zone, a range of possible values for %wt C was éstimated. Thermo-Calc gave, for the two considébwt
Cr (21 and 26%wt Cr), the two upper limits for ¥@veaccording to the absence of carbides. Thus,dlearbide
zone contains less than 0.037%wt C close to tHacand less than 0.019%wt C on the frontier betvtbe no
carbide zone and the acicular carbides zone. Sicahg average carbon content of the zone witlcudar
carbides is calculated. Since the average conte?29.81wt%Cr and average 4.64% mass percent ofdemb
the calculated average carbon content is 0.435wtligh is higher than the original carbon contenthef alloy,



- \/ >
e o 4 . —_
=N - Y % vy
-«  a- N
/“’\' e Nerlh o o
oA . . [ @e

| ) . 3 » N\ ‘
%w\ : ‘h{@ , = f z
| ] s

N / -

Acc.Y Spot Magn Det ‘WD

Figure 5 SEM microphotograph at high magnificati@miken on a zone with acicular
precipitates for image analysis (heB®%surf) ; chemical composition has
been determined on this area by EDSaai@lysis (here 30.25%wt Cr)
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Figure 6 Isothermal ternary Ni-Cr-C diagrams forl080°C (in the Ni-rich corner)

Results of the CoA and CoB Cobalt Base Superalloydter Oxidation at 1000°C

Bulk Microstructure after Exposure at 1000°C for 1@ hours

Microstructure of the bulk is shown by the two SHiWlotographs in Fig. 7. CoA is composed of a
austenitic matrix with spaces between dendriteiipaaken by tantalum carbides TaC which form ateetic
with matrix. CoB also exhibits an austenitic matbit with a grain boundary carbides network comgosie
both TaC and GsCs eutectic carbides. The latter have kept the dalation eutectic morphology of &2s. Like
for the NiA alloy, phase identifications were penfed by microanalysis.

EDS microanalysis on these whole areas gave :

for CoA: - alloy composition : 28.36Cr-9.25Ni-5.4d{bal Co) in weight percent
- average mass fractions : 5.08% TaC and 0.62%s



for CoB : - alloy composition : 31.66Cr-8.40N2%a (bal Co) in weight percent
- average mass fractions : 4.93% TaC and 7 8%

The mass fractions calculated by Thermo-Calc vhth dbove alloy compositions are 5.076% TaC ar
0.584% M3Cs for CoA with 0.37%wt C. For CoB they are 4.922%CTand 7.921% WCs with 0.77%wt C.

»

\ e
200 pm

- AAccV Spot Magn " Det WD

Figure 7 Bulk microstructure of the CoA and CoB albibase superalloys

Surface Microstructure after Exposure at 1000°C forl00 hours

The CoA and CoB alloys exhibit two types of oxidatproducts : GOs; mainly as an external layer, and
internal CrTaQ near the surface. In addition, acicular orientedges appeared in a zone separating a thin o
no carbide zone and the not deteriorated inner @eige 8 and Fig. 9). WDS and EDS spot analysisalestrate
that these acicular phases areGgrcarbides. Three points EDS profiles were perfortinedugh the no carbide
zone, the thickness of which is about 15um for Gow 10um for CoB. For CoA the Cr content decrefrees
22%wt Cr (frontier with the neighbor zone whichlstontains carbides) to 16%wt Cr on the extremdase.
The lost of Cr for CoB is only about half. Ta dexges from about 1%wt (significantly less than thigall
content in the alloy) to O for CoA. It is more diffilt to precisely determine the Ta content evolutinrough the
no carbide zone since the measured contents gpersiéxl, maybe because of the initial carbides &ingr
boundaries.
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Figure 8 Microstructure evolutions along the oxiola front of CoA after 100h at 1000°C
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Figure 9 Microstructure evolutions along the oxigia front of CoB after 100h at 1000°C

As it was done for NiA, several high magnificatiSEM photographs of limited zones were taken. Fc
each alloy three results of surface phase fractisese obtained and they showed similar values. [Elte
photograph of Fig. 10 corresponds to a zone of Cataining fass2.6% of C§Cz and fhas=1.6% of TaC. This
zone contains 27.67Cr-9.82Ni-2.07Ta (bal Co) inghepercent. The right photograph correspondszone of
CoB containing §as=8.0% of C¢C; and fhas=1.2% of TaC. Its chemical composition measuredEDS is
28.88Cr-9.40Ni-1.61Ta (bal Co), in %wt.

-

Acc.Y Spot'Magn .Det wD 1 bum

Figure 10 Examples of analyzed (by EDS and imagelyais) areas taken inside the zone
containing only acicular new @23 carbides and secondary TaC carbides in the cdses
CoA (left) and CoB (right)

Thermodynamic Calculations

Like for NiA the no carbide zone was first consitbr For CoA, the absence of any carbides in tt
extreme surface, where a spot EDS analysis gavé382Cr-12.30Ni-0.01Ta (bal Co) composition, iradés
that the carbon weight content must be lower th@7@owt C. At the other frontier of the no carbitene,
where EDS found 20.32Cr-10.77Ni-0.94Ta (bal Cog, ¢arbon content must be lower than 0.050%wt Csd&he
values are about ten times smaller than the C noofdhe initial CoA alloy.

This type of calculation made for CoB lead to ateahsmaller than 0.061%wt C for the extreme sirfac
(the composition of which is 17.95Cr-11.51Ni-0.973a Co) and smaller than 0.019%wt C for the othe



frontier (where composition is 20.60Cr-10.52Ni-IT&3bal Co), which between ten and twenty times Enal
than for the initial CoB alloy.

Furthermore, we have performed calculations orctdmpositions of the two zones photographed in Fi
10. For the CoA zone, calculations, based on th@7Z#-9.82Ni-2.07Ta-bal Co composition (%owt ), cerged
to the experimental mass fractions of phases reguitom image analysis {fs52.6% of Cp3Cs and frass1.7%
of TaC) for 0.27%wt C. The final calculation resuffave fas52.6% of Cp3Cs and frass=1.6% of TaC.

For the CoB zone, calculation based on the 28.88@Ni-1.61Ta-bal Co (%wt) composition and the
experimental mass fractions (8.0%4% and 1.2% TaC) gives the carbon content of 0.55%C.

Some Results Obtained at Higher Temperatures

The NiA and CoA alloys were also oxidized at higtemperatures, 1100°C for the former and 1200°
for the latter. The surface microstructures anagsitlated by Fig. 11 and Fig. 12, which also preseNV/DS
chromium profile and three EDS spot analysis restdspectively. First it can be observed that th®rmia
external layer is twice as thick as for 1000°C.sTtasults from the increased oxidation rate duthéohigher
temperature.

Contrary to what was observed for 1000°C, the deteed zone of NiA seems to be only composed ¢
the no carbide zone, with no acicular phase preséorieover, the depth of the no carbide zone apgpasbeing
three times as great as the one resulting fromatoid at 1000°C. From the bulk, the WDS chromiumteat
profile shows that the chromium content decreases f31%wt Cr to about 25%wt Cr. Isothermal 1100°(
ternary diagrams were obtained using Thermo-Calcti@se diagrams, the absence of any other phages t
matrix indicates that the carbon content must xefahan 0.054%wt C at the extreme surface andrldman
0.025%wt C at the junction of the no carbide zoné #he bulk. Thus, this zone of the sample hasdagteat
part of its initial carbon content. Everywhere dls¢he sample, the carbide surface fraction isstae as in the
bulk. This indicates that no other regions becamileed with a part of carbon lost by the detetiedazone.

Ni-30%Cr-0.2%C alloy oxidized at 1100°C for 100 hou rs
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Figure 11 Surface microstructure of NiA alloy aft®0h oxidation at 1100°C and
resulting maximal carbomimts given by ThermoCalc calculations
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Surface microstructure of CoA alloy afté0h oxidation at 1200°C and
resulting maximal carbon cosegiven by Thermo-Calc calculations

Figure 12

After oxidation at 1200°C, CoA exhibits an externatomia layer which is four times thicker. Liker fo
NiA at 1100°C, it can be seen here a deeper nadmadone, without any acicular new precipitatesthie case
of this complex alloy (regarding the chemical cosipon), diagrams such as for NiA are not possible
Nevertheless three diagrams were calculated inI2dor the fixed Ta-Cr-Ni compositions, measurgdspot
EDS analysis, on three points across the no cadwde. From the external zone towards the beginoirthe
bulk the maximal possible carbon content decrefises 0.23%wt C down to 0.08%wt C. Here too no carbo
enriched zone was seen all over the bulk.

Interpretations and Discussion

There is a no carbide zone in all the three algiydied. Its existence is possible only if cartmsmaller
than certain very low values. For NiA oxidized 800°C, the latter can be considered as negligimepared to
carbon contents of initial alloys and of neighbgrimones containing old or new carbides. Then, it ba
considered that, on the one hand this zone hassallost all its carbon atoms. On the other hand,zibne in
which acicular carbides appeared exhibits a higlaebon content that the initial one. Since bulksprds the
initial carbon content (0.20%wt C), the additioarbon necessary comes from the zone which hagt$ost
carbides.

10



At that time it appears that a balance sheet hdsetdrawn up. It is possible to simplify the carbol
content profile through the deteriorated zone a=rilged in Fig. 13. Two versions can be proposauk: with a
linear interpolation over the <acicular carbidesed bulk> frontier line (first hypothesis, bladkds), and one
considering that the carbon content falls more lquiérom 0.435% to 0.20% at the same location (seco
hypothesis, gray lines).

Considering the first hypothesis, the carbon cdntd@nthe deteriorated zone is estimated using tf
formula (2), while the formula (3) could be seletter the second hypothesis.

2

2
Massof carbon= (Sp) z [ .%wtC,)+e;.(
i=1

) (2)

3
Massof carbon= (Sp) Z & .%wt C;) 3)

i=1
where S is the considered surface (e.g.?.gmis the alloy density (about 8.99.8)n; @ and %wt Gare defined
in Fig. 13.

For 1cnf of external surface, we find about 0.35mg of Cthe first hypothesis and 0.30mg of C for the
second one. These very approximated values habe tmmpared to the initial carbon mass containetthen
same volume, which equals to 0.27mg. It seemsthigasecond hypothesis is the best of the two ohesn,
almost all the carbon lost by the no carbide zaraecinto the matrix more deeper in the alloy. Taisbon left
the grain boundary chromium carbides, the decorntipasof which was promoted by the diffusion of cimiam

intermediate
%wt C |

' no carbide acicular carbide ~~ zone bulk
0435 | a e
(%C,)
0.20
(G
~0
(6Cy) — .
) ~50 um o ~ 60pum "~40um'
(=e) =e (=e)

Figure 13 Scheme of the carbon content profileuhothe deteriorated zone of NiA oxidized at 1000°C

towards the oxidation front. Thereafter, they esdeinto the matrix and met chromium atoms presersoiid
solution. There they formed with chromium atoms reasbides which precipitated in matrix with an atc
shape and an orientation which is maybe relateth@ocrystallographic axis of the FCC austeniticwuek.
These acicular carbides may coexist with the ingrain boundary carbides which have not yet disappd and
which have a more compact shape. They lead toah $oicface fraction of carbides which is signifitgrmigher
than in the bulk. This was first qualitatively seby microscope examinations and second quantitgtive
measured by image analysis.

At 1100°C, the mechanisms would not be the samegsio carbon enrichment can be noted elsewhe
in the alloy. Carbon lost by decomposition of thiial grain boundary carbides disappears, withteout doubt
being oxidized into CO or Cyases. For 1chof NiA external surface and a no carbide zoneboiug 100um in
which carbon content is negligible, the same typeatculation as before leads to a carbon massolo$80mg
that became gas.
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It is also possible that both mechanisms exist.nThhe matrix enrichment with carbon would be
dominant at 1000°C while disappearance of carbomgation into gas would become dominant at highe
temperatures.

Unfortunately, such calculations are not really oole for the CoA and CoB industrial superalloys
Indeed, zones with acicular precipitated carbidesadten partially mixed in their inner part witemaining
grain boundary carbides and it is difficult to e@se. But new acicular @23 carbides also appear among th
initial TaC secondary carbides for CoA, and amdrg fire-existing secondary TaC ang@rfor CoB. In the
two cases it is a consequence of an increase abtalecarbon contained in the matrix alone. Theady shows
that the mechanism of integration of carbon intdrinalso acts here. In addition, for CoA, it waes that a
raising of the oxidation temperature unable thisdmenon which is probably also replaced by a gsam@nce
of carbon from the alloy (becoming oxidized intsgg).

After the presentation of all these observatioasults and interpretations, we can finish by unileig
that thermodynamic modeling, associated to micuosire phase quantitative analysis and microarsglysas
of a good help to better characterize and undedsidrat it happened to our specific superalloyssThethod
allowed to supply the lack of microanalysis tecluais| for what quantitative measurements of contientisght
and rare elements is a real problem. With thisi@aer procedure it became possible to localizédaay which
is an element of a great importance in our supgrallConsequently curious phenomena have beenimagla
But resulting quantitative data need to be cargfgiVen. The good agreement between the aimed csitigo
of the alloy and the quantitative microstructurewséd first that the employed method allows a goozlieacy.
Nevertheless, other determinations are more dlffittnage analysis for fine secondary TaC carbidest be
made taking into account that the visibility of gedary TaC existing just under the sample surfaregive a
white point. But it is true that they can also ughce the EDS results. Thus we have chosen todsrsir EDS
results, and to take, among the fine white carbidely those that were very white.

Let us remark that choosing a simple nickel baksy allowed to simplify the problem from the more
complex alloys like the industrial one (Fig. 1).€eTdifferent zones were clearly evidenced and gafiity
separated each other to allow good estimationgthf BEDS measurements and surface analysis ones pfetter
correspondence between the two. After having utoedsthe phenomena with this simple alloy, we wiare
better conditions to understand what it happenedamulti-component cobalt base superalloys.

Conclusion

During their use at high temperature superallogsaxidized by hot gases, notably by air's oxygdre T
results of this surface attack are first extermal mternal selective oxidation. But they can emteualso other
phenomena potentially important for alloy mechanpraperties near the external surface. This was s this
work in three cast alloys belonging both to two ptexity families and two main types of superallogsnong
these phenomena it can be found, for these castidegthened superalloys, the lost of grain boyndarbides
and of secondary carbides, on a depth increasitigtemperature. It was also especially revealednf®rl000°C
case the precipitation, by solid state phase toamsdtion, of acicular carbides inside the matrixagdpeared that
this reaction involved carbon, coming from disappeagrain boundary carbides and diffusing inwatde
matrix. There they join chromium atoms already en¢shere in solid solution. This interesting pheeraon
does not exist (or is not dominant) at temperasuféiciently higher : carbon mainly leaves the gjlprobably
being oxidized into gases.

Thermodynamic modeling was revealed as a very gusctool, complementary to more classica
equipment when oxidation phenomena are studiealldvs to precise the last remaining unknown quigsti
that are light elements contents.
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