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Study of the Carbide Transformations during High Temperature Oxidation of Nickel
Base Superalloys
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Microstructure phenomena resulting from high tenapere oxidation of three nickel base superalloyseve
studied by microstructure examinations. Disappeaeamature modification, volume fraction evolution
precipitation of carbides were observed in the ydlmear the external surface, depending on the deabyre
and the chemical composition of the alloys. Theynadic calculations allowed to better know what
happened to carbon and to quantify its new distrdsu The studied alloys lost a more or less gneat of
their sub-surface carbon content at 1200°C whildboa seemingly diffused deeper in the alloy at 200é&nd
1000°C. The latter part of carbon promoted the sesming of the pre-existing carbides, some modiboatof
their natures or the precipitation of new carbideshe matrix, then the occurrence of a new carbigene.
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INTRODUCTION

During exposure to air at high temperature, theem@active elements contained in a superalloy skffu
towards the oxidation front to be oxidized (Ref.\When temperature and/or time exposition are bigbugh,
marked concentration gradients appear. This ewrlutf the local chemical composition can lead to
microstructure modifications. Appearance of newsgisasuch as Ni austenitea@r + BNiAl alloys due to Al
oxidation, or chromium carbides dissolution in Fe€ alloys, are two examples of such sub-surface
microstructure changes which were already studied. (2). Fig. 1 illustrates, for example, the casieseveral
Ni-base superalloys strengthened by carbides, afposure at different high temperatures for a longp.
Their microstructures are modified by a disappeaganf the initial carbides from the affected zoAdittle
deeper, it can be observed an obvious chemical fioatibn of the initial carbides (become darker), a
coarsening of the latter or a precipitation of nesicular phases. While it is generally easy to cletéere
metallic elements from disappearing phases haves,giinis much more difficult for other constitutive
elements, like carbon, which are lighter or presentery smaller quantities. Such elements areeagsty to
analyze by microprobe and it is difficult to knowhat it happened to them. Fortunately, associateithiéo
microstructure examinations, microanalysis of heawlements, thermodynamic calculations can help to
understand where light or rare elements have gihres, to better describe the oxidation phenomenisor
consequences on the microstructure.

EXPERIMENTAL METHOD
Chemical Composition of the Studied Alloys

The alloys studied here are three simple nickeélakys, representing the base of more complex
superalloys which are industrially employed in podcesses (Refs. 3-4). They all contain nickelpohum,
tantalum and carbon. Table | displays the chentoaiposition of the alloys. They were synthesizednrall
quantities by high frequency induction melting undegon gas (ingots of nearly 100g) in a copped col
crucible, in which they quickly solidified.



High Temperature Oxidation Exposures and Samples Ryparation

Oxidation tests at high temperatures were perforom@dg a high temperature furnace under a dry
industrial air flow (80%MN — 20%Q) at 1.5 liter/hour (corresponding to a linear floate of about 5cm/min).
The samples were parallelepipeds (dimensions afitabanm x 10 mm x 10 mm), the surface of which was
polished with SiC paper from 80 to 1200 grid undeter. Oxidation exposures were performed during 10
hours at 1000°C, 1100°C or 1200°C. After oxidatimsts all samples were covered using cathodic
evaporation of gold, to give a good electrical amitlity to the external oxide layer, allowing teafter a
strengthening of the external oxide layer by amtedéytic deposition of nickel. The samples wer¢ icutwo
parts using an Accutom-2 saw equipped with a diaiidade, then embedded in a cold resin (Araldit 80
+Strengthener Escil HY956), and polished, firsthw&iC paper from 80 to 1200 grid under water, then
finished with diamond pastes 6um and 3um (DP-SwsperP of Struers).

Microstructure Examinations

A Scanning Electron Microscope (SEM) Philips XL3€ed in Back Scattered Electrons (BSE) mode
allowed to clearly observe the constitutive phasese the average atomic numbers are sensiblyeliffeln
addition, some of them were clearly identified byaw&length Dispersion Spectrometry (WDS) using a
Cameca SX100 microprobe. Furthermore, SEM waseatgdoyed to analyze the mean chemical composition
of a selected area over the local microstructuxeemgt for carbon. Microprobe was also employed ¢b g
concentration profiles through the external zonernitgrated by oxidation.

Image Analysis Measurements

Measurements of the surface fractions of the difiephases were realized on SEM photographs (BSE
mode), using the AnalySIS software from Soft Imggi@ystem GMBH which allows surface fractions
measurements. Volume fractions were assessed frese results, assuming that surface fraction ahane
fraction have similar values. Using room tempemtdensities of the different phases, the massidract
each phase was estimated thanks to the equation (1)

Po. -fvol(q)i)
Frasd®)) = <=
mas{®;) Z(p¢i Koo (91))

wherepd; , fnas{®i) and {oi(d;) are respectively the density, the mass fractimhthe volume fraction of
the considered phage

The densities values which were used (in g 2xare 8.9 for the matrix, 6.941 for the;Cs carbide,
6.953 for the GiCs carbide and 14.5 for the TaC carbide (Ref. 5).

1)

Thermodynamic Calculations

Thermodynamic calculations were carried out usihgrino-Calc software (Ref. 6) with the SSOL
database (SGTE) (Ref. 7), completed with binarytencary systems (Ref. 8). Thermo-Calc calculatwase
performed for calculating isothermal and othergiens for the oxidation zone first to determineugper
limit for the carbon content in the zone where @b have disappeared. Second, it was also ussddalate
the probable carbon content deeper in the allopwkmg quantitatively both microstructure and théest
elements contents from image analysis and micrgsisal

RESULTS
Microstructure of the As-cast Alloys

The alloys present a relatively fine structure eihcan be characterized by a space between twc
secondary dendrite arms of about 25um. The miarctre is constituted by an austenitic nickel nxatri



containing a part of the other elements and amdetedritic carbides network more or less densemi#ipg on
the carbon content (Fig. 2). These grain bounda@aesides are of different types, chromium carbidégC;
and MxCg) and TaC, for the three alloys. Indeed, WDS meaments (three per carbide for each alloy)
showed that the three types of carbides coexisat wghnot surprising since solidification and cagliwere
quicker than in a sand mold for example. Here ftigh hemperature state has only partly evolved ftbm
high temperature equilibrium.

Observation of the Sub-surface Microstructure of tie Alloys after Oxidation

After high temperature oxidation for 100 hourse thulk microstructures of the alloys are generally
modified since they have converged to the equitaricorresponding to both chemical composition and
temperature. The three most visible microstructuagifications are the lost of the initial TaC caids for
Alloy A and Alloy B, a stoechiometry change of tbleromium carbides for all alloys (rather,®% for the
highest temperatures and rathessG4 for the lowest ones) and a little increasing & ¢hromium carbides for
Alloy A. All the samples are affected by both sékex oxidation and internal oxidation that were lgpad by
microprobe WDS measurements. The external oxidée sisa mainly composed of @D;, sometimes
containing also rare little CrTaQnclusions. Internal oxides were clearly identfiey microprobe WDS
analysis as being CrTaQ sometimes coexisting with voids. On the oppostgenitridation phenomena was
observed. Under the external chromia layer theyalfmesent a more or less deep zone which wasedfey
oxidation and which may be composed of one or tifferént parts. The sub-surface microstructureestdt
Alloy A, Alloy B and Alloy C for all temperaturesra respectively illustrated by Fig. 3, Fig. 4 and.m.
From the external surface one always meets fiesin@ which lost all its initial carbides during dation. The
thickness of this carbideless zone obviously dep@mdthe temperature. For alloys tested at 12008 zbne
is directly followed by the bulk which presentslamogeneous microstructure. For alloys exposed ®0 br
1000°C, the carbideless zone and the bulk are s&phby a second part of the affected zone. Indhatthe
carbide system has undergone one or several typeedifications. The different carbides seen fackealloy
and each temperature were analyzed by microprdfis.Was often difficult because of the small siz¢he
carbides, and sometimes it was possible that thdtsepartly include the matrix present under taebices.
Table Il shows the average values and the staralarihtion values obtained with three or more respér
type of carbide on each sample, to compare withthieeretic atomic Cr/C ratio corresponding to thegC
and M3Cs stoechiometries. In some cases, the initial cabitave kept the same shape but their chemica
composition has obviously changed since the casbédle here sensibly darker than everywhere elskein
bulk (e.g. Alloy B at 1100°C in Fig. 4). In otheases, the carbides have kept their initial chemical
composition but have grown during oxidation to fipgive both a carbide surface fraction seeminglyher
and lightly darker (SEM in BSE mode) because ofdb&sened size of these carbides (e.g. Alloy ID@0°C
in Fig. 5). And sometimes at 1000°C, new carbiggseared in the matrix with an acicular and oriersieape
(e.g. Alloy A at 1000°C in Fig. 3). Such phenomemare seen and studied earlier for Ni-Cr-C alloyd an
cobalt-base superalloys (Ref. 9).

All the metallographic measures realized on bathezaffected by oxidation and bulk for comparison,
are resumed in Table 1ll : the mean depth of thdidaless zone, the mean thickness of the zoneewher
carbides are still here but modified (nature, stef&ractions, new precipitation), the nature (deteed by
WDS micro-analysis) and the mean surface fractiocadbides in this latter zone. For comparison, rttean
surface fraction of carbides in the bulk are alsminded. It appears that the depth of the carlsdet®ne
increases with temperature for all the alloys (k&g 50um for 1000°C to about 200um for 1200°Cilevh
the thickness of the intermediate zone where casb@re still here but modified (thereafter callegw
carbides zone"), also increases with temperatwm fL000°C to 1100°C to finally disappear at 1200°C.
Concerning the new carbides zone, it can be natsdtihat the total surface fraction of carbideséssibly
higher than in the bulk. Second, the microstructiv@nges between the bulk and this zone seemioglyist
of a shifting from a mix of TaC+MCs (bulk) to only MysCs or to only M,Cs, from a mix of MsCst+M-C3 to
another mix of less MCs and more MC; or to only M,Cs. Third, when temperature increases from 1000°C to
1100°C, the nature of carbides in the new carbmbes shifts, from Cs to M;C3 or from My3Cs+M-Cs to
less MsCs and more MCs.



Thermodynamic Study of the Carbideless Zone

The carbides initially present in this zone near ¢xtreme surface have totally disappeared from the
grain boundaries, where they are sometimes replagedre internal CrTafoxides. It can be considered that
only one phase is present here : the matrix. Tted &tsence of carbides in this zone implies thaban is
probably become rare in this carbideless zone. riibdynamic calculations were of a precious help to
quantify the maximal carbon content possible irs tone taking into account the decrease of thentlra
content through the carbideless zone. Fig. 6 shfmwsexample the 1100°C isothermal phase diagram
computed by Thermo-Calc for the Alloy A, a typedidigram which was already used earlier by Durhaal et
(Ref. 10) to describe the outwards diffusion pdticarbon. In this example, WDS profiles having shawat
the chromium content almost linearly decreasesutiitdhe carbideless zone (from about 30%wt Cr twgab
23%wt Cr), the carbon solubility increases from1G®%wt to 0.035%wt. Then the maximal possible carbon
content can represent at the most 20% of the ligéidoon content, and that only near the extrenmiasce.

Such results were obtained for the carbidelessszohall the alloys and all temperatures : it appda
that, in a first approximation, the carbon contienthis zone can be considered as negligible coetptr the
initial one or in other zones having conservedeached a significant amount of carbides.

Thermodynamic Study of the New Carbides Zone

The microstructure changes previously noted mestetated to local modifications of the chemical
composition of the alloy, due to the diffusion tf constitutive elements towards others locati&@i3S and
WDS microanalysis did not show sensible changeabeinitial contents of the heavier elements (Ni, Ta)
which can be easily analyzed. Therefore carbon appas being responsible of these microstructures
modifications having led to these new carbides gofte increasing of the volume fractions ofsG% inside
the new carbides zone compared to the bulk, thigirghifrom M,3Cs to M;C; or the precipitation of new
carbides in the matrix itself seems indicate that tegion is obviously become enriched in carbon.

In order to confirm this hypothesis and to betteow how many carbon is come in this zone
thermodynamic calculations were performed from lbeally analyzed Ni-Cr-Ta composition with test of
successive values for the carbon content in theni0@; 1.0%wt C] range until the measured volunaetion
(converted in mass fraction) is reached. Tablen&sents the results of these calculations.

It appeared always possible to reach the measundiides volume fractions really measured on the
new carbides zones in the alloys after oxidation.tle one hand it appears that the process issaifiu
controlled and allows the local microstructure tmtinuously stay to the equilibrium correspondiongthie
local composition at each time. On the other hahi, microstructure effectively leads to know tloedl
carbon content. The carbon contents determinedhéyhermodynamic calculation way are obviously bigh
than the initial ones, of an average of 50% ofddwon content of each alloy before oxidation test.

Discussion

This carbon enrichment of the new carbides zoneneséa®btained with carbon coming from the bulk.
Indeed we verified that the microstructure of tHeole bulk was homogeneous and also well correspbfuite
the same temperature to the thermodynamic staditle calculated from the initial composition. Theref the
only possible carbon supplier is the carbidelesgeashich was effectively impoverished in carbonlldwing
this hypothesis, Table V presents in its first cotuthe maximal carbon mass lost by the carbidedess per
surface unit, considering that nearly all its carleft it. The last column contains the mass or anol
percentage of this carbon which could be go inngsighbor new carbides zone. The maximal possibleoca
quantity lost by the carbideless zone per surfagkincreases when temperature increases. In additiore
carbon is here lost when the initial carbon contemigher (Alloy B and Alloy C compared to Alloy)Avhile
no such rule existed for the depth of the carbstelone. The part of this carbon having particghétethe
carbon enrichment of the new carbide zone is oLilB00% at 1000°C and decreases with temperature tc
finally fall to zero at 1200°C.

Thus, it appears that at 1000°C oxidation did ardy induce a diffusion of chromium and tantalum,
initially present in solid solution as well as metinterdendritic carbides, from the bulk towards bxidation



front. But it was evidenced that, for certain cdiudlis, carbon released by the disappearing carlliteses

in the opposite way, towards the bulk. The progregk time of this carbon transport obviously ledadsa
carbon enrichment inside a more internal zone irchvkhis enrichment promotes different possiblebichas
changes depending on the alloy composition. At 1C06nly a part of this carbon remains in the alloy
which it participates to the carbide transformagida give a new carbides zone, like for 1000°C. otieer
part of the carbon either quitted the alloy (ox&tlzinto gases) or diffused deeper in the alloy. $S&eond
hypothesis appears to be difficult to verify sirtbe carbides existing deeper than the new carlides
would have not sufficiently changed. It is moreetat 1200°C for which no new carbides zone obvioasist
and no microstructure change showing a carbon lemeat can be seen anywhere. Then, either carbon ha
totally quitted the alloy or it diffused on suctwade depth that a carbon enrichment is locallyltgbt to be
detected in the microstructure. Carbide surfacelyaisa and thermodynamic calculations become no
sufficiently efficient either to affirm that thetie no other carbon enrichment deeper or to preciedittle
carbon content modifications.

Such phenomena were already encountered earlastii@ers metallic alloys after high temperature
oxidation. For example, Singh et al (Ref. 11) atdserved a carbideless zone growing from the exrem
surface for iron-base alloys containing both alwmnand carbon. They explained that the disappearahc
the initial FAIC carbides took place simultaneously with a difin of the released carbon atoms out to the
surface. Durham et al (Ref. 10) studied the depaewlef the chromia-forming behavior of iron-badeys on
the coarseness of their chromium carbides. Thegleriered a dissolution of the finest carbides wlicted
as reservoirs of chromium for supplying the exteataomia scale, then the growth of a carbidesetegl
zone. Ennis et al (Ref. 12) also saw, for a niskgderalloy exposed to 900°C for a long time, thenftion of
a carbideless sub-surface zone. They also expldireédhe carbon atoms released by the dissohaniades
migrated to the center of their thin specimen teegin enhanced carbide precipitation. In additiay&et al
(Ref. 13) saw that carburizing atmospheres indualsd similar phenomena : both a coarsening and a
transformation into the MC; stoechiometry for the initial B4Cs carbides of the Fe-Cr-Ni based HK40 alloy.
They also observed a coarsening gk@®4 without nature changes and the precipitation €M

Thus we found in this work similar phenomena avipresly observed for other alloys : disappearance
of carbides with growth of a carbideless zone, app®ce of a new zone with coarsening, stoechiometry
modification or matrix precipitation of carbides)dathat related to one or two types of diffusioncafbon
atoms released by dissolving carbides. In this vawth surface fractions of carbides and the diffetecal
carbon contents were furthermore quantitativelyeeined, respectively by image analysis measuresnent
and deduced from thermodynamic calculations. Te&lIto precise the part which promoted the visible
carbides modifications in the sub-surface of tHeyaland the part which either quitted the alloydiffused
deeper in the alloy with no noticeable change$efricrostructure.

CONCLUSION

When exposed to high temperature oxidation carbidEgthened superalloys can encounter specific
phenomena which can be potentially important feirttocal mechanical properties near the externdhse :
growth of a sub-surface zone without carbides, fantemperatures less than 1200°C, appearancs@t@nd
zone enriched in carbon and in which the carbidgesy is coarsened or modified. If such phenomena we
encountered earlier, a balance sheet was madasirwtitk which lead to precise the new distribution
carbon in the whole zone affected by oxidation. sTthe mechanisms described in previous works were h
found again, with a more quantitative knowledgetlod new local carbon contents, not obtained using
microanalysis but indirectly determined from thedweamic calculations. Thermodynamic modeling was
precisely revealed as an useful tool, complemertamore classical equipment when oxidation phemame
are studied. It allows to precise the last rem@ninknown quantity that is a light element content.
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Table I.

Chemical Compositions of the Studied Nickel-BAfeys

Alloys Compositions

Ni Cr C Ta
Alloy A | Bal. | 30.9 0.2 2.0
AlloyB | Bal. | 31.9 0.4 2.7
Alloy C Bal. 30.6 0.4 54

Table Il. WDS analysis results obtained for the one ortiypes of chromium carbides seen in the sub-
surface microstructures of the samplegQ/ %,C ratio to compare to 2.33 forXd; and 3.83 for MsCs)
Alloy M-C3 M23Ce

Temperature| (average value standard deviation) (average value standard deviation)
%0aCr %aC %uCr / %C %0 Cr %C %uCr / %C
Alloy A 1200°C
69.0+1.9 | 28.3+x1.8 | 25+0.2 / / /
M-C; and rares MCg
Alloy A 1100°C
65.3t75 | 249+12 | 26+04 | 759+£08 | 22.3+t0.8 | 3.4+£0.2
M-C, and MsCsq
Alloy A 1000°C
/ / / 78.4+3.0 | 21.8+2.7 | 3.7£0.7
M-,C; and M:Cq
Alloy B 1200°C
66.9+05 | 28.2+08 | 2.4%0.1 / / /
M-Cs
Alloy B 1100°C
VLG 67.8+£08 | 23.0+£0.1 | 29+0.1 | 749104 | 20.7£05 | 3.6x0.1
7~3

Alloy B 1000°C

67.0+0.8 | 229+0.1 | 29+0.1 | 70.4+4.96| 18.1+04 | 3.9+0.3

M7C3 and M23C6

Alloy C  1200°C

69.4+ 0.7 | 25.8+0.7 | 2.0+£0.1 / / /

M-Cs

Alloy C 1100°C

70.8+£0.3 | 20.6+0.3 | 3.4+£0.1* | 79.0£0.6 | 16.1+0.3 | 4.9£0.1*
rare M,Cz; and MCq

Alloy C 1000°C

/ / / 825+19 | 21.6x05 | 3.8%0.1
MZSCG

* . stoechiometry transformation in progress ortipgration of the matrix under the carbide to théd>®/

analysis results




Table Ill. Results of metallographic examination of bulkl aear surface microstructure of the three alloys
after the three exposures to high temperature twitda

surface or volume fraction of carbides

Alloy thickness (um) in the intermediate zone
(and corresponding weight fractions)
Temperature| carbideless zone | intermediate zone MC3 M23Cs
Alloy A 1200°C 230 / / /

bulk : 2.44% M,Cs

Alloy A 1100°C 79 158 3.3¢(2.66) | /
bulk : 2.68% M,C; and MsCq

Alloy A 1000°C 18 39 / | 6.2((4.91)
bulk : 3.68% MysCs

Alloy B 1200°C 200 / / | /
bulk : 6.1 M;C;

Alloy B 1100°C 73 97 6.32(5.03) | 2.4F (1.95)
bulk : 7.0%%6 M,;C; and MsCgq

Alloy B 1000°C 40 64 595(4.75) |  4.5((3.60)
bulk : 7.09% MysCq

Alloy C  1200°C 170 / / | /
bulk : 3.71% M,C; and2.930TaC

Alloy C__ 1100°C 85 85 10.00(7.97) | /
bulk : 7.00% M55Csq and3.480TaC

Alloy C 1000°C 24 48 / [ 12.7¢(10.28)
bulk : 7.74% M,3sCs and2.126TaC




Table IV. Carbon contents of the C-enriched zone deteuayecalculation; carbides natures
and mass fractions calculated with these carboteats

Alloy carbon content in thle theoric carbides for
C-enriched zone | this calculated %C
Temperature (weight %) (weight fraction %)
Alloy A 1200°C / /
Alloy A 1100°C 0.260 2.66%wt MC3
Alloy A 1000°C 0.289 4.91%wt MsCs
Alloy B 1200°C / /
Alloy B 1100°C 0.472 5.03%wt MC3
0.00%wt M23C6
Alloy B 1000°C 0.646 4.75%wt MC3
3.64%wt My3Cq
Alloy C 1200°C / /
Alloy C 1100°C 0.737 7.97%wt MC3
Alloy C  1000°C 0.592 10.28%wt MLCs

Table V. Amount of the carbon lost by the carbidelessezaxmd part of this carbon
used for the carbon enrichment of the new carludes

Alloy maximal mass lost by part kept by the Ct
the carbideless zone enriched zone

Temperature (mg / cnf) (%)
Alloy A 1200°C 0.409 0
Alloy A 1100°C 0.141 60
Alloy A 1000°C 0.032 96
Alloy B 1200°C 0.712 0
Alloy B 1100°C 0.259 24
Alloy B 1000°C 0.142 98
Alloy C 1200°C 0.605 0
Alloy C  1100°C 0.303 84
Alloy C 1000°C 0.085 96




electrolytically deposited nickel
i s T

precipitation of new acicular carbides in matrix ~ nature modification and volume fraction evolution
of carbides in grain boundaries

Fig. 1.
Several possible phenomena occurring
during the high temperature oxidation
of carbide-strengthened superalloys

(here different nickel-base cast superalloys)

AccY  Spot Magn Det WD F——— 200 m
disappearance of carbides
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SpotMagn Det WD ——— b0pm

Fig. 2.

As-cast microstructures of the three alloys

50 pm
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Alloy A oxidized for 100 hours
at 1200°C
d=230pm

(carbideless zone)
no new carbides

i Accv  Spot Magn Det WD ————— 200 im

Alloy A oxidized for 100 hours
at 1100°C

d=79um e=158um
surface fraction of carbides : 3.39%
(M7Cs)

Alloy A oxidized for 100 hours
at 1000°C
d=18um e=39um
surface or volume fraction of carbides : 6.20%
(M23Ce)

AccY SpotMagn Det WD —— 50um

Fig. 3. Quantification of surface deterioration by oxida for Alloy A
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Alloy B oxidized for 100 hours
at 1200°C
d=200um

(carbideless zone)
no new carbides

R ccv  Spot Magn  Det WD ———1 200 um ]

—_——— g

:,...-.nf—l('g: o
4

Alloy B oxidized for 100 hours
at 1100°C
d=73um e=97um
surface fraction of carbides : 8.78%
(6.33% M,C3 and 2.45% M&Cs)

Alloy B oxidized for 100 hours
at 1000°C
d=40pm e=64um
surface fraction of carbides : 9.30%
(5.95% M,C3 and 4.50% M:Cs)

Fig. 4. Quantification of surface deterioration by oxida for Alloy B
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Alloy C oxidized for 100 hours
at 1200°C
d=170um

(carbideless zone)
no new carbides
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Alloy C oxidized for 100 hours
at 1000°C
3 d=24pm e=48um
S Dbl 3 surface fraction of carbides : 12.79%
: (M23Cs)

Accy _Spot Magn _Det WD F———— 50um |

Fig. 5. Quantification of surface deterioration by oxida for Alloy C
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Fig.6. Isothermal cut of phase diagram for Alloy A 400°C
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