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ABSTRACT

KEYWORDS

Some of the cast metallic alloys for use at high temperature contain
reinforcing carbidesto notably resist creep. These may be eutectic carbides
appeared during solidification, present in grain boundaries, with various
volume fractions depending on the carbon content and with various
compositions depending on the natures of the carbides-forming elements
present. Such strong carbides-forming elementsare generally also easier to
oxidize than the base elements of the alloysand they play animportant role
in the high temperature oxidation of the aloy, often leading to special
phenomenain the external oxide formed aswell asinthealloy just under the
oxide-metal interface. In this work the oxidation behaviour at high
temperature of selected alloys and superalloys reinforced by carbides of
different types was investigated by notably considering these phenomena.
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INTRODUCTION

Thegreat family of refractory alloysand superal-
loysfor high temperature agpplications contain, in addi-
tionto they/y’ nickel-based superalloys or to the Ox-
ide Dispersion Strengthened superaloysfor example,
the polycristalline chromium-rich cobat-based, nicke-
based or iron-based superall oys strengthened by car-
bideselaborated by foundry™. Such refractory super-
aloyscomingfromthisparticular family present speciad
characteristics possibly being of importancein case of
high temperature oxidation. Inthiswork itiswanted to
recapitulatethe characteristics of the carbidessuch as

compoasition possibly leading to microstructure changes
inthe sub-surfaceof thealloys, aswell asthedifferent
curious phenomenaaffecting the sub-surface of theoxi-
dized aloys varying with the characteristics of the
interdendritic carbides.

EXPERIMENTAL DETAILS

Thestudied aloysarevariousones, based onnickd,
cobalt and/or iron and containing carbon in more or
lesshigh quantity aswell asdifferent carbides-forming
elements(Cr, Ta,...), thefirst listed carbide-forming €l -
ement (Cr) being present with acontent of 30wt.%in
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al dloysto dlow potentially agood resi stance against
hightemperatureoxidation?3. All thedloysweree abo-
rated under an argon atmosphere, withthe melting of
pure elements (coming fromAlfaAesar, purity higher
than 99.9%) together by high frequency inductionmdting
(about 100 kHZz) and the solidification took placeinthe
water-cooled crucible of the furnace (CELES). The
ingots (all of about 40g) were cut and polished (final
paper: 1200-grit) to obtain samplesfor the oxidation
tests. Some of theexposuresto high temperatureswere
performed in atmospheric air in ssimplefurnaces (fol -
lowed thereafter by themetallographic characterization
of theoxidized samples), or insynthetic 80%N,-20%0,
gas mixture in the furnace of a Setaram TGA92
thermobal ance (a so followed by metallographic char-
acterization of the oxidized samples).

RESULTSAND DISCUSSION

Differ ent oxidesfor med with chromia

In caseof the presence of another carbide-forming
element stronger than chromium thesolidified dloysmay
contain other carbides partly or totally replacing the
chromium carbides. Thisoccursfor exampleif theother
carbide-forming metd istantalum, hafnium, niobiumor
zirconium®, for example. ThisM dement may bethen
also oxidized, thisinducing different behaviours. Ina
TaC-containing aloy exposed to oxidant gases (air for
example) at temperaturescomprised between 1000 and
1200°C, oxidation induces the formation of a chromia
continuous scale, but also of other oxides such asa
sub-layer of themixte oxide CrTaO, betweenthedloy
andtheexterna chromiaoxide. A zoneof disappearing
TaC carbides devel opsinwards and the Taatomsini-
tidly belonging to the disgppearing carbides diffuseto-
ward theexterna surfacewherethey areoxidized in
CrTaO, islands growingin the sub-surface.

In case of the presence of hafniumintheadloy, eu-
tectic HfC carbides very stabl e, at high temperature®,
can beobtained. They display ascript-like morphol-
ogy smilar tothe TaCin other aloys. Theoxidationis
worsethan in the case of tantalum (early loss of the
chromia-forming behaviour) and oxidation may rapidly
become catastrophic, because of thelack of chromium
diffusion dueto the presence of interdendritic hafnium
carbides not favourableto the diffusion of chromium.
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Thesituationisworsefor theNbC-containing aloysin
which the Nb,O, oxideformsand probably perturbs
thechromiagrowth, thisfavouring catastrophic oxida-
tion), aswell asfor theZrC-containingaloyswithwhich
similar degradation of the behaviour can be encoun-
tered (Figurel).

0.4AC-7TTa alloy 0.4C-3Hf
cadized 100h at alloy oxidized
1200°C 100h at 1200°C}

{CoNijC rs04

Co-30Cr-9Ne

Co-29Cr-8MNa
0.4C-5Nb 0.2C-57r
alloy ccadized alloy oxidized
100h at 1200°C} 75hat 1200°C}

Figure 1: Surface states of different M C-reinforced Co-
based alloysoxidized at high temper ature.

Thepresenceof CrTaO, filmsintheexternal con-
tinuous chromialayer covering the oxidizing TaC-con-
taining Co-based, Ni-based, NiFe-based or Fe-based
aloysmay partly obstruct thevolatilization of chromia
by re-oxidation of Cr,O, in gaseous CrO,, phenom-
enon existing for morethan 1000°C. Indeed one can
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think that thesefilms of tantal um-chromium oxide may
act asaprotectivelayer isolating chromiafrom the hot
oxidizing gas. Lower values of thevolatilization con-
gant Kv, determined together with thevaueof thepara-
bolic constant K p according to theformula{ m x (dm/
dt) =Kp-Kv x m} ¥, may beobtainedin presence of
TaC. A smilar influencewasa so reported® concern-
ing CoO or (Co,Ni)O oxidesmixed with chromia(e.g.
for Co-30Cr-xC aloys), aswell asfor Fe-30Cr-yC
alloysfor which Fewaspartly substituted to Cr inthe
externa M,O.,.

Disappear anceof thecarbidesin thesub-surfaces

Ingtuation of oxidation a hightemperature, thecar-
bidesjust under the extreme surface may bedirectly
attacked by oxidation. Internal oxides may thenform
over alow depth which can become much moreim-
portant if theinterdendritic boundariesareadmost per-

—

pendicular to the external surface. A little deeper, the
oxidation progress has sufficiently lowered the matrix
contentsincarbonandinmetad M belongingto theMXCy
secondary carbides (precipitated inthematrix duringa
preliminary heat trestment) and/or to theprimary M XCy
carbides (precipitated at the end of solidification and
often forming an eutectic compound with matrix), to
destabilize these carbides. Thelatter dissolveand lib-
erate carbon and metal M atoms and these ones dif-
fusethereafter toward the oxidation front where they
arethen oxidized. Thisleadsto the appearance of a
carbide-free zoneon the most externa sub-surfaceand
toitsdevelopment inward thebulk. Theinward exten-
sion of this carbide-free zone dependson thetempera:
ture of isothermal oxidation: the higher thistempera-
ture, the deeper the carbide-free zone (examplein Fig-
ure?2).

The carbide-free zone depth al so dependson the
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Ni-30Cr-08C N30-Cr-0.8C Ni-30Cr-0.8C
after 50h at after 50h at after S0hat
10007C 1100°C 1200rC

Figure?2: Effect of theoxidation temperature on thedepth of the car bide-freezone (and of theexter nal oxidethickness).

exposureduration (thelonger the duration, the deeper
thecarbide-freezone), ontheinitia carbidefraction of
thealloy (the higher the carbon content, theless deep
thecarbide-freezone) asillustrated in Figure 3.

It a so depends on the oxidation kinetic (thefaster
the oxidation rate, the deeper the carbide-free zone
until thealoy eventually losesits chromia-forming
behaviour), aswell asonthealoy family (if oxidation
rapidly becomes catastrophic: oxidation of not only
Cr but also of Co, Fe,..., i.e. presence of CoO

neighbour to Cr,O,, spinel CoCr,0,,...). Inthelatter
casethe oxidation front may penetrateinthedloy and
itsmovement follows more or lessthe frontier sepa-
rating the carbide-free zone and the till carbide-con-
taining zone. This phenomenon, metallographically
revealed by anirregular alloy/external oxide bound-
ary or by achromiacontent surprisingly high on the
extreme surface, tends to minimize the depth of the
apparent carbide-free zone asillustrated by Figure 4-
C0-30Cr-0.8C oxidized during 50h at 1100°C (ir-
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regular aloy/oxide separation and externd oxidecom-
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oxide separation and (Fe,Cr),O, oxidewith varying

posed of Cr,O, and of CoO) and Fe-30Cr-0.8C contentsin Feand Cr along theexternal oxide).
Figure5asoillustratesthe catastrophic oxidation

oxidized at 1200°C during 50 hours (irregular alloy/

-
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N -30Cr-0.2C MNE30-Cr-0.BC MN-30Cr-1.60C
afver 50h at after 50h at afier 50h at
1000°C 1INNI°C 1000°C

Figure3: Effect of the carbon content (car bidefraction) on thedepth of thecarbide-free zone (and of the exter nal oxide

thickness).
r
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Cao-30Cr-0.8C 50h 1100°C Fe-30Cr-0.8C 50h 1200°C
Figure 4 : Oxidation phenomena concer ning the exter nal
oxidesand thesub-surfacesof a cobalt-based alloy and aiiron-

based alloy (irregular interface between oxideand alloy).

of aCo-30Cr-0.8C aloy after 50 hoursof oxidation at
1200°C: the external oxides are mainly of cobalt (CoO
inthe most externa part of thethick scaleand spinel
CoCr,Q,: its(main) internal part). Thewholebulk has
lost thecarbonwhich wasinitidly contained (into CO,
gases): thiscarbon hasdiffused outwardsand has been
oxidized whilethe chromium released by the carbides
dissolutionremainsinsolid solution at the 30wt.%vaue

onthemain part of thewholesamplethickness®. Thus,
thisisnot redly likeacarbide-freezonedeveloped from
the external surfaceto the sample coresincethecar-
bide-freezoneisusually also aCr-depl eted zone.

Modification of the carbides present in the sub-
surface

Another curious phenomenon which canoccur in
the oxidized carbides-containing chromia-forming a-
loysistheexistence, after oxidation at about 1000°C,
of anintermediatezone of aloy separating the carbide-
freezoneand the bulk. Here the carbides seem coars-
ening” (Figure6), or displaying achange of stoichiom-
etry (fromalow carbon oneto ahigher carbonone). A
third possible phenomenon isthe precipitation of new
carbides. Thecarbidesdissolvinginan outer neighbour
band of aloy, previoudy enriched in carbon by thedis-
solving carbidesnear theoxidation front, givetheir car-
bon atoms deeper where carbides coarsen by combin-
ing the new carbon atomswith thelocal chromium at-
oms present in high content in matrix (25-30wt.%, de-
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pending of the carbide population). This sometimes
occursin the sub-surface of some carbides-strength-
ened alloysbut only at 1000°C or even 1100°C, as it
can be seen after 50 or 100h of oxidationinair aswell
asinsome more complex oxidizing aimaospheressuch
ascombustion gases. At higher temperatures, no such
phenomenon can be seen, the carbon released by the
dissolving carbideshaving probably | eft thedloy ingas-
eous oxidized species(CO,).

Yo
S

%
disq)pefanoé of
all carbides in the <
whole bulk

Figure 5 : Co-30Cr-0.8C after oxidation during 50h at
1200°C (catastrophic oxidation and loss of all carbides, even
inthebulk).

: , Carbide-free zone

3 Zéﬁe of coarsened
Jo ke ﬂ.‘carjbidesby enrichment
SIS A oFearbon

-Not-modified bulk

Figure6: Sub-surfacechangesfor carbidesinduced by the
oxidation at high temperature (here: Ni-30Cr-1.2C oxidized
for 50 hoursat 1000°C).
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General commentaries

The carbidesnetwork reinforcing theinterdendritic
spaces of the cast equiaxed alloysand superalloys de-
signed for hightemperature applicationsrequiring high
chromium contentsto resist not only oxidation by gas
but a so hot corrosion by molten substances (what au-
minascalesarenot ableto do) may thus behave differ-
ently in high temperature oxidation for some carbides
andfor other carbides. If thechromium carbides(which
may formin absence of metallic elementsstronger in
their carbide-forming propertiesor in presenceof more
carbon asrequired for the contentsin strong carbide-
forming elements) are present inthemicrostructure, they
show abeneficid effect by rdleasing chromium partici-
pating to the mai ntenance of achromiacontinuous ex-
terna layer efficient to protect thedloy against fast oxi-
dation. Thisisthereason why acarbide-freezonede-
velopsfromtheoxide-aloy interfacefollowingan d-
most parabolic kinetic law. The devel opment of this
carbide-free zone may be accompanied by theforma
tion of acuriousmoreinternal zone separating it from
thebulk inwhich new carbides precipitate (leading then
locdly toahigher carbidefraction), eventudly with 5-
multaneously achange of stoichiometry for acarbon-
richest one. With theresultingloca enrichmentin car-
bon, thisphenomenon, which occursat temperaturesnear
1000°C, may decrease the local refractoriness of the
aloy and may potentidly leedtoalocd interna melting
incaseof an accidentd suddenincreaseintemperature.
Theother carbidesd so dissolveprogressively fromthe
oxide-aloy interface, their condtitutiveatomsdiffusing
theresfter toward theoxidationfront tobeoxidized: itis
the case of the tantalum atoms coming from the TaC
carbidesbut not of the Hf atomsremaining trappedin
the too stable HfC carbides. In thefirst case another
oxide, Ta,O, or CrTaO,, forms: it can bedetrimental for
the chromiaadherence on the substrate (easier spala-
tionincaseof thermd cyding) but it may dso partly pro-
tect chromiafromvolatilizationin caseof temperatures
higher than 1000°C. The CoO or NiO, or (Fe,Cr),0O,
oxidesmay haveasmilar roleif suchdementsarepresent
asbasedements, but no carbidesareindirectly respon-
sbleof the protecting effectintheir cases.

CONCLUSION

By possiblyinvolving strong carbide-forming ele-
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mentswhich area so strong oxide-forming elements,
the oxidation of cast alloysand superalloys strength-
ened by interdendritic and/or secondary carbides of
various natures may lead to interesting phenomena,
additiond tothe chromiadevel opment on surface. Since
therate of carbide-free zone growth is dependent on
both thetemperature of oxidation and of the oxidation
duration, as well as some of other phenomena
characteristic of alevel of temperature (carbidesre-
preci pitetion between the carbide-freezoneandthebulk:
near 1000°C), the metallographic study of industrial
pieces made of such carbide-strengthened dloys may
giveindication about theloca conditionsof use, aswell
asthethicknessof oxidescdeswhich areunfortunately
oftenlost during cooling, differently totheinterna phe-
nomenaconcerningthecarbideswhicharedill avalable
for observation and characterization.
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