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Summary:

A series of six alloys from Ni-25Cr-0.4C-6Ta to @6€r-0.4C-6Ta with a progressive addition of Co in
substitution to Ni were elaborated. They were ths$ter 24 hours at 1237°C in laboratory air. Therasion
products formed around the samples and the detéinorof the subsurface were analyzed to charaete¢he
high temperature oxidation behavior of these alldygee of the studied alloys, the nickel-richeses well
behaved until 24 hours at this temperature. Theereal oxide scales were essentially composedhimingia. In
contrast, locally, the three cobalt-richest alloyere starting to oxidize catastrophically. The gigant
worsening of the oxidation behavior from the 27wE84containing alloy to the 41wt.%Co-containing one

suggests that a critical Co content exists betuwleese two values.
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1 Introduction

Metallic carbides, which are well known as beimgywhard particles [1,2], are frequently encourttere
in the microstructures of various metallic alloyaberated and shaped by foundry. This is notabdydéise of
some cast superalloys [3]. Carbides appearing gsatidification feature among the first metallwajiways of
strengthening for cast metallic alloys designed dee at high temperature under mechanical strddsgls
Chromium carbides were among the earliest carbitedved for enhancing high temperature strengttet,
tantalum carbides were also exploited to take parthe creep resistance, in the MarM-509 alloy [Ge8
instance. Different MC carbides may precipitatecatalt-based [9] or nickel-based [10] polycrystalialloys
elaborated by induction melting. Among them, Ta€bies still remain interesting enough in manyesatoys
[11]. Indeed, at elevated temperatures, they reinaiimsically strong and particularly stable imrteof volume
fraction and morphology. This allows them to betipatarly efficient for the strengthening of botham
boundaries and dendrites boundaries. In the cgralloys containing chromium in high concentnatfor
combatting both hot oxidation and hot corrosion,IB? tantalum may be in competition with Cr in the
formation of the strengthening carbides. In sonse ¢he stronger carbide-forming behavior of tamelllows
him to lead to an interdendritic network made o€Taarbides exclusively if the atomic contents inafa in C
are equal. This is the case Co-based [14] and §&dda 5] Cr-rich alloys. In contrast chromium cdds form
together with TaC in Cr-rich nickel-based alloysit@ining Ta, even in the case of similar atomictents in Ta
and C [16]. It can be thought that replacing a pamickel by cobalt in alloys based on nickel amahtaining
chromium for high temperature chemical resistaneggpgse, may help TaC for predominating on chromium
carbides in the microstructure. The co-existencE@fand of Ni in the alloy's chemical compositienoften in
commercial superalloys. Indeed, Co brings soliditsmh strengthening to nickel-based alloys and tdbitizes
the Face Centered Cubic crystal structure of cadildys. Otherwise, adding cobalt to nickel basesyralso
favor the stability of TaC carbides and adding seicto cobalt bases may enhance the resistancesadued
temperature oxidation by favoring chromium diffusidnversely, for the same reasons, adding cobatidkel
alloys to favor the formation of tantalum carbideEsthe expense of chromium carbides may unfortiynate
deteriorate the oxidation resistance of the niekelys. This is this deleterious effect of Co additfor the high
temperature oxidation resistance of tantalum-cairtginickel-chromium alloys which will be studied this
work, by characterizing the behavior in oxidatiaraaather high temperature of successive Ni-25€€&6HTa

alloys in which Ni will be more and more replacedCp.

2 Experimental details

2.1 Synthesis of the alloys

Six {Ni and/or Co}-25Cr-0.4C-6Ta alloys (all contsrin wt.%) were fabricated by classical foundrging a
CELES high frequency induction furnace. Their clmosieemical compositions are displayed in Tableattsof
pure elements (Ni, Co, Cr and Ta: Alfa Aesar, gi@ptall with purities higher than 99.9% in weightgre
melted together, in a copper crucible cooled byumtinuous flow of water. Heating of the mix, megiin{3

minutes}-stage in the molten state and cooling veareied out in inert gaseous condition (300 maitgof pure
argon, chamber isolated from laboratory air byleasitube). The applied operating parameters wé&iaAb

(power) and about 100kHz (frequency).
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2.2 The oxidation tests

The obtained ingots were similar to cones with igiteof 22+1 mm, a basis diameter of 22+1 mm tow a
round top (radius of about 5mm). Their masses wér0+1 grams for all. Each was cut in four partsame
mass and shape. A first part was kept for prepathey sample devoted to the control of the as-cast
microstructures. A second part was especially peeptor the exposure at high temperature. The gihwrs to
which they were exposed was the air present irlaberatory: close to 80%MN\and 20%@ with presence of
water vapor (close to 70% of relative humidity &°Q). Before oxidation test all the samples weaugd all
around with 1200-grit SiC papers. These parts \wkreed in a Nabertherm muffle furnace, then expasehg
24 hours at a temperature wished higher than 1200H€ heating rate was +15°C/min and the cooliig was
-5°C/min at the beginning and close to -1°C/min foe last part. The obtained temperature, whictiyrea
remained constant +/- 2°C, was 1237°C.

2.3 Metallographic preparation

After high temperature exposure, the oxidized samplere covered by an extra-thin gold coating ltmnatheir
external surface to be electrically conductive desjne presence of the external oxides. Immersexi 50°C-
heated Watt’s bath the gold-coated samples wei@ipetl as cathodes. The constant 1.6 A/cm? curagptied
during two hours between them and the nickel ancalEsved obtaining a metallic nickel shell all ara them,
thick enough to protect the external scales dusirfgsequent cutting. A metallographic Buehler DAlieasimet
5000 cutter allowed separating each sample in tadspfor cross sections preparation. The samples we
embedded in a cold resin mixture (ESCIL). The otegoted to the observation of the as-cast microsiras
and the ones for the cross-sectional charactesizati the oxidation results were polished using [@#pers from
240-grit to 1200-grit. Water washing and ultrasaily cleaning were done to remove all possiblacited SiC
particles. Finally, the metallographic samples waoéshed with textile disks enriched by 1um haadtiples,

until obtaining a mirror-like state.

2.4 Metallographic observations

The samples of the two types (as-cast microstractand oxidation states) were examined by electron
microscopy. The used scanning electron microsc8gMj was a JEOL JSM-6010LA equipped with an Energy
Dispersion Spectrometry (EDS) device. Imaging wasedin the Back Scattered Electrons (BSE) modeeund
20kV. EDS full frame analysis was performed at *B&0 magnification for the control of the generaémical
compositions of the alloys. For that three locatiowere randomly chosen. Spot analyses were alsedaut to
identify the present phases (microstructure ofall®y) and the different oxide types seen in thiemal scales

or in the subsurface.

2.4 Thermodynamic calculations

Some stable equilibria states were computed tetbatiticipate or understand the microstructureheflloys,
and to anticipate some moderate changes in cotigpusi This was done using the Thermo-Calc software
(version N ) [17] and a database resulting of thecement of the SSOL one [18] with additional syss
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involving Ta compulsory for valuable results. Ttasriched version of the database contained notiay
descriptions of the Ta-Ni, Ta-Co, Ta-Cr, Co-Ta-G,Td-C and Cr-Ta-C systems.

3 Reaults

3.1 Nominal chemical compositions and the corredpantheoretic stable states

The alloys are expected to contain 25wt.%Cr, 0%@tand 6wt.%Ta. The 25wt.%Cr should allow the alltry

to be chromia-forming thanks to this chromium eomthigh enough. The 0.4wt.%C and 6wt.%Ta, weight
contents corresponding to equal molar contents,ldvallow the formation of TaC exclusively. The rast
composed of 68.6 wt.% shared between Ni and Cosy$tem of designation of the alloys is the follogvbne:
the “Nix/5Co” alloy is the alloy containing x/5 8.6 wt.% of cobalt and (1-x)/5 x 68.6 wt.% of retkThe
resulting targeted compositions are displayed ibldd. This is for these theoretic chemical compmss$ that
the isopleth section of the Co-Ni-Cr-C-Ta phasegidien was computed and the six different alloys were
positioned as vertical broken lines (Figure 1)wé#s considered that no significant diffusion-degetdsolid
state phase transformation can take place duringincpbelow 1000°C. Consequently the two nickehest
alloys (“Ni0/5Co” and “Ni1/5Co0”) ought to contairhmomium carbides (principally of the £J; type), and the
two cobalt-richest alloys (“Ni4/5Co” and “Ni5/5Co"pught to contain only TaC as carbides. The two
intermediate alloys (“Ni2/5Co” and “Ni3/5C0”) magpuatain both kinds of carbides.

3.2 Actual chemical compositions and as-cast mtanotires

By consulting Table 2 it appears that the wishemmasitions were globally well respected. The mittagures
presented by the alloys in their as-cast statellastrated by micrographs: in Figure 2 for theeli-richest
alloys and in Figure 3 for the three Co-richestsote each case, general views of the microstrastare given
in the top position (Fig. 2a-c and Fig. 3a-c). Thierostructures are detailed and the carbides ifdsht(spot
EDS analysis) in the bottom position (Fig. 2a’-odaFig. 3a’-c’). The Ni0/5Co (Fig. 2a and a’) andl$Co
(Fig. 2b and b’) alloys do contain £ carbides but also TaC carbides, in significantntjtias (more for
Ni1l/5Co than for Ni0/5Co0). As expected, the twddeling alloys, Ni2/5Co (Fig. 2c and c¢’) and Ni3/5@eig.
3a and a’) contain @C; (lower fractions by comparison with the formersdaraC (higher fractions). The
fraction of TaC was further increased in the Ni4d5€ig. 3b and b’) and Ni5/5Co (Fig. 3c and c’oa#, with

only traces of chromium carbides here and there.

3.3 Oxidation behavior

The general deterioration (top micrographs) ofatheys after 24 hours at 1237°C in air are illutgtdain Figure
4 for the two nickel-richest alloys (Ni0O/5Co in Figg and Nil/5Co in Fig. 4b), in Figure 5 for théermediate
alloys (Ni2/5Co in Fig. 5a and Ni3/5Co in Fig. band in Figure 6 for the two cobalt-richest allg$4/5Co in
Fig. 6a and Ni5/5Co in Fig. 6b ). The oxidatiomqucts are more detailed in the bottom micrograghthe
same figures: Fig. 4a’ and b’, Fig. 5a’ and b’ &ig. 6a’ and b’ respectively. In all cases oxidatgeemingly
led to both external and internal oxidation. Théeaxal scales have partly spalled off but partsaiemg in
guantities high enough allowed characterizing theimpositions. These oxide scales are made ofambmia
for the two nickel-richest alloys and the two imediate ones. On the two cobalt-richest alloysraptex oxide

involving both chromium and cobalt, the spinel Cgilyr also formed, together with chromia. The alloysca
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interface is globally regular for the four firstals and significantly irregular for the two lastes. This suggests
that the oxidation process concerning the majosstiturents (Cr, Co, Ni) was essentially cationicthie first
cases and more complex for the other cases. Anathar oxidation product is the CrTa®Oxide. It is usually
found for Ta-rich alloys [19, 20]. This oxide forthan almost continuous intermediate oxide, botbriatl and
external just under chromia or under the chromgpifiel scale. Its formation obviously induced tppearance
and the deepening of a carbide-free zone, in wigintalum carbides (and also chromium carbides)pgesared.
Induced by the diffusion of Ta (and Cr) atoms ta¥gathe oxidation front, thermochemical unbalangeeaped
between the carbide phases and the matrix. Thingiexr the decomposition of the carbides to balémedocal
microstructure. Such phenomena were reported atedpreted in previous works. In a first one thisthie
general example of two-phase structures includinghase involving an element particularly reactive t
oxidation which was explained [21]. This phenomenas also reported for other examples. In the chad-e-
15Cr-0.5C hot-forged alloy chromium carbides diggppd in the subsurface from the oxidation fro@f.[Zor
alloys composed of a Cr-based solid solution inateid with a chromium silicide phase this is theggearance
of CrSi in a zone progressively developed from the didafront which was noticed and commented [23].
These previous observations are very similar totviiagpened here for the chromium carbides too,fand
tantalum carbides. Here again this is the mosttireaelements, Cr an Ta, which oxidized preferdiytian
surface. This resulted in the impoverishment of thatrix in these two elements, which induced the
destabilization of the Cr-rich particles and of Waerich ones. These particles dissolved and tleased Cr and
Ta atoms were incorporated in solid solution in rthegrix, before themselves diffusing towards théatxon

front.

3.4 Quantitative analysis of the surface and sufaserdeteriorations

The thicknesses of the oxides scales externallpédrwere measured first, when possible. This wiastefely
not always possible because of the severe spallatiich occurred for some alloys. Too rare partextérnal
oxides were kept on the Ni0O/5Co and Ni2/5Coallogt &ms did not allow assessing the thickness. Antieg
three nickel-based alloys, only the Nil/5Co crasstisnal metallographic sample allowed proposing\arage
thickness. In contrast, the external oxides rentaimere significantly around each of the three dolbehest
samples and it was thus more possible to measarsctiie thickness in their cases. The obtainecegatue
displayed in Table 3. These results show thatcalles are thinner than 25um, but without clear dégece on
the cobalt content.

The depths of alloy subsurface having lost thetiaincarbides were also measured. The resultgyaen in
Table 4. It appears that the average depth of dheide-free zone tends to globally decrease whercotalt
content in alloy increases.

Local chemical data were also acquired in the stifis®l by carrying out EDS spot analyses. Firsctments in
chromium (first column of results in Table 5) amdtantalum (first column of results in Table 6)&xtreme
surface were specified. The obtained minimal chuwmicontent measured close to the alloy/oxide scale
interface obviously decreases from the NiO/5Coyainthe Ni5/5Co one, from 20wt.% down to 11wt.%eT
tantalum content at the same location seems to/bedgthe chromium one, but less regularly.
Concentration profiles were acquired across théideifree zones of the six alloys. Some of the iobth

profiles are presented as examples in Figure 7 difer of the nickel-richest alloys), Figure 8 (fareoof the
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intermediate alloys) and Figure 9 (for one of tlbatt-richest alloys). In each case, the top grgipks the
profiles of the main elements (Ni, Co, Cr) and blottom graph enlarged the concentration profilesanfalum.
For these two elements one can see a concentgridient. The local chromium content and the Idaatalum
one both decrease almost linearly when one moweartbthe alloy/scale interface. This shows theudifin of
Cr and of Ta in the direction of the oxidation ftofhe average values of the gradients are givehdrsecond
column of results in Table 5 for Cr and Table 6 T@. The Cr gradient increases progressively fra@8 0
wt.%/um for the NiO/5Co alloy to 0.14wt.% for theé5X6Co one. The evolution seems to be inverse for
tantalum, with a gradient decreasing from 0.035wb%0.025 wt.%. By considering that the externales are
almost of the same thickness for all alloys forame oxidation duration (Table 3), the increase rirgiadient
from NiO/5Co to Ni5/5Co suggests a diffusion ofl€ss and less easy through the carbide-free zoreanitrast
one cannot really conclude about tantalum. Itus that the Ta gradient becomes lower and lowen fi0/5Co
to Ni5/5Co, this evocating a Ta diffusion possihigiped by the presence of Co. But the values dalignts
remain too close to one another to consider tlegt #ne really different, taking into account theited accuracy
of the EDS analysis.

4 Discussion

These six {Ni and/or Co}-based Cr-rich {Ta and G}ntaining alloys, which were thus isothermally esgxb at
a very high temperature — 1237°C — for 24 hourffesed high temperature oxidation and were subject
several well-known phenomena. These ones werdptheation of an external oxide scale, internal axioh,
the dissolution of the initially present carbidesnh the alloy/scale interface toward the bulk, #rediffusion of
Cr and of Ta either initially present in solid sidun in matrix or coming from the dissolving carégd In all
cases, at the end of the experiments, the majviopéine Cr atoms having left the alloy is now jpr@sas GiOs
oxide while minor part has left the sample as gaseGrQ. Indeed the test temperature, much higher than
1000°C, is favorable to chromia re-oxidation instiiolatile specie, but for so short oxidation dioratthe
chromia scale thickening is predominant on the i@oloss by volatilization. Consequently to thesgirece of
tantalum in significant quantity, a second typeogide has appeared in the outer part of the alldsgrface:
CrTaQ. A last common point for all the six alloys aftdgh temperature test is the development of a derbi
free zone from the oxide scale/alloy interface, enor less extended toward the bulk, this dependmghe
Co/(Ni+Co) ratio of the alloy.

Both the bulk microstructural behavior and the htgimperature oxidation behavior depend clearly log t
Co/(Ni+Co) ratio. First it appeared here that rejplg a part of nickel by cobalt in {25Cr-0.4C-6Tat.%}-
containing nickel-based alloys favor s the presesfc&aC carbides instead chromium carbides. Big #hso
obviously tends deteriorating the behavior of theya in oxidation at elevated temperature. Theicghof a
rather short high temperature oxidation durati@# hours only was judicious since it showed here the start of
catastrophic oxidation for the worst of the studidldys, the cobalt-richest ones. These ones kefnefn the
presence of rather high contents in cobalt foriabtg an interdendritic network of mainly eutectiaC with
script morphology known as being very interesting the mechanical resistance at elevated temperaBut

they unfortunately also suffer from this Co preseincthe field of oxidation.
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This was not really surprising since one knows freeweral decades that cobalt-chromium alloys anergéy
less resistant against high temperature oxidatioan tnickel-chromium alloys. This was furthermore
demonstrated here that this is also true in the odsalloys containing significant TaC carbides /fand high
content in tantalum. In presence of 6wt.%Ta theyalkufficiently rich in nickel and poor in cobafy contain
significant fraction of TaC and remain chromia-fimand oxidation resistant. The 6wt.%Ta-contairaligys
rich in cobalt / poor in nickel benefit from theepence of more TaC carbides and from the abserdeahium
carbides. Indeed the morphology of the TaC is mucite stable at high temperature than the onesef th
chromium carbides. Unfortunately, even after onl Bours of oxidation at 1237°C, these alloys are
progressively losing their chromia-forming behayias proven by the appearance of G@gispinel oxides and
even of CoO oxides. Here and there, the oxidatieimabior seems starting to become catastrophic thigh
beginning of the inward progression of oxidatiom @he alloy consumption. The origin of this diffece in
oxidation behavior of these Ta-rich alloys richNnhor rich in Co appears to be the same as in dtpas of
nickel-chromium and cobalt-chromium alloys: thereasing difficulty of Cr diffusion enhanced by thesence

of more and more cobalt instead nickel. This wasaked by the possible Cr diffusion for the nickieh alloys
from deeper zones than in the case of the cobséicbanes. This resulted in both a more inward egign
carbide-free zone but a higher Cr content in extresurface for the nickel-rich alloys than for tlebalt-rich

one.

The presence of 6wt.%Ta and of the associated fiégition of TaC carbides obviously does not chatiig
effect. In contrast, the presence of 6wt.%Ta intladlse alloys induced the development of anothee tf
complex oxide, CrTag) in great quantity. This oxide grows in the oytart of alloy, just under the external
oxide scale, thanks to the progressive disappearahthe primary TaC carbides over a depth increpsiith
time, and the outward diffusion of the releasedhtans. The role of these CrTaGxides on the general high
temperature oxidation of the alloys remains to pecsdied. On the first hand one can imagine that, b
constituting a rather dense second oxide barriembéhe external chromia scale, its presence mayg btle
protective (but surely not as efficient as chronbig)separating a second time hot gases and allaig. Sub-
layer, which may become totally continuous, mayascta second obstacle for the outward Cr diffusidnms
may be detrimental for the behavior. In additio® @an question about the impact of this Crjab-layer on
the adherence of the external chromia scale dutiegmal cycling. Its presence surely changes tothi
conditions of interaction between the alloy and theomia scale. To answer this question one carsaye
deeper investigations involving the double effécbath Ta contents and cooling rate on the scadéatjon, by

varying the Ta contents in alloy and the constauatiog rates.

After all these considerations one can focus againthe most vulnerable alloys in the high tempegatu
oxidation field, the cobalt-richest ones. Theseyallseem to be the most armed to resist mechastiesises at
high temperature thanks to their dense and ratloepimlogically stable carbides network (only TaBit they
are obviously too early threatened by catastropkidation. To solve this problem one can envisagé&king
them in chromium to enhance their resistance agaiidation by gases (and also corrosion by mosais or
glasses, for example) but this may induce negatbresequences about the nature of their carbiddsedh by

increasing the Cr content it is possible to faver thromium car bides formation instead a parheftantalum
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ones. In order to anticipate such problem thermauyo calculations may be of great help. In the gmegase
an isopleth section of the Ni-Co-Cr-C-Ta diagranswalculated for the [0; 68.6wt.%] Co content raagd the
[1000; 1500°C] temperature range, the contentsrinCCand Ta staying fixed at 25wt.%, 0.4wt.% and.%w
respectively (Figure 10). A second one for 30wt.%@tead 25wt.% was also calculated (Figure 13). B
comparing the two diagrams, one can see that addingoCr more did not induce a significant movemaint
the high temperature {FCC matrix + g / FCC mat. + GC3 + TaC} and {FCC matrix + GC3 + TaC / FCC
mat. + TaC} frontiers towards the left of the dimm as this can be expected by considering tha¢ iBomay
promote chromium carbides to the detriment of TiaStead, the noticeable obtained frontier movenetite
200°C-increase of the temperature of theGgr CrsCs transition. In case of isothermal work under agpli
stresses at high temperature, 1100°C for exantmemicrostructures of some of the cobalt-richdstyalmay
thus include GCs carbides beside TaC. The consequences of thenpeesd these chromium carbides

belonging to a new type on the high temperaturenamg@cal resistance remain to be investigated.

Concerning the double-phased state matrix + TaGhefcobalt-richest alloys, the displacement to digh
temperatures of the {FCC matrix + TaC +40% / FCC mat. + TaC} frontier induces a significamtctease in
the temperature range for the Co4/5Ni alloy, beeaafsthe lower slope of dependence on the Co coien
comparison with the same frontier but involving@x Indeed, only double-phased {FCC matrix + TaGjnfr
1050°C up to the melting start temperature whertacoimg 25wt.%Cr, this alloy is double-phased {F@@atrix
+ TaC} only for temperatures higher than about P€23n these conditions, one must consider thadra qf
carbon is present, not in the morphologically abhC as the other part, but as chromium carbid@shw
rapidly evaluate to a round shape and then becwakess for the mechanical resistance. Such effagtba
without any detrimental consequence for the globathanical behavior of the alloy at high temperatidr

limited to a thin outer part, as achievable by peekentation Cr deposition, for example.

5 Conclusion

Adding cobalt to nickel-based 25wt.%Cr-containifigys in which C and Ta are also present in eqeingl
molar proportion succeeds in stabilizing the TaCagsh Moderate additions allow obtaining stable
microstructures containing mainlyTaC coexistinghafidw chromium carbides while additions beyonditicad
Co content lead to TaC exclusively. Unfortunatélis twork also reveals that the high temperaturelaion
behavior of the obtained alloys, rich enough int@a@ontain TaC as single carbide have become &gnify
worse than the initial alloy. One can guess thiatlikhavior deterioration occurs for a higher caitiCo content
for shorter durations or for lower temperatures ianversely for a lower critical Co content for larglurations
or for higher temperatures. Further work is neettedhvestigate the dependence of the critical Coterat
(which can be considered to be about 30wt.% inptesent case: 1237°C, 24h) on the (temperaturatiday
couple.

Rating the Co content to values leading to a carb&twork made of TaC exclusively to benefit frdvait high
mechanical strengthening effect at high temperatitenfortunately detrimental for the oxidationisésnce to
hot air. It is possible to benefit from both higimiperature strength and high oxidation resistagagelboupling
the properties required for the bulk and for theéage, this by choosing a Co content high enougithfe bulk to

stabilize the TaC carbides and by enriching thesiopart of the alloy in chromium. Recent work psety
Materials and Corrosion 2018, 69, No. 6 pp. 703-713 (postprint version) 8



demonstrated that this is precisely possible fat-€antaining CiCy-free Cr rich {cobalt, nickel}-based alloys

[24] with significant improvement of the high termptire oxidation behavior when the Cr content olgt@iin

subsurface is 30wt.% [25]. The thermodynamic datcens carried out in the present work showed sah

resulting enrichment did not induce any serioudlamm for the microstructure of the Cr-enriched outene.
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Table 1. Compositions wished for the six alloys of the gtdd wt.%).

TABLES

Alloys Ni Cc Cr Ta C
“Ni0/ECo” Bal. 0 25 6 0.4
“Ni1/Co” Bal. 13.7 25 6 0.4
“Ni2/Co” Bal. 27.4 25 6 0.4
“Ni3/5Co” 27.4 Bal. 25 6 04
“Ni4/ECo” 13.7 Bal. 25 6 0.4
“Ni5/5Co” 0 Bal. 25 6 0.4

Table 2. Chemical compositions of the obtained alloys ghiecontents); average and standard
deviation of three full-frame SEM/EDS measuremeaisied out at the x250 magnification)

Alloys Ni Cc Cr Ta C
“Ni0/5Co” Bal. / 25.5 +0.1 6.5 +0.2 “0.4"*
“Ni1/5Co” Bal. 14.3 +0.2 254104 5.6 £0.9 “0.47*
“Ni2/5Co” Bal. 27.2 £0.2 25.4+0.1 6.5 0.2 “0.47*
“Ni3/5Co”" 25.4 £0.3 Bal. 25.7+0.4 6.9 £0.2 “0.4™
“Ni4/5Co”" 12.7 £0.5 Bal. 26.2 0.2 6.6 £0.8 “0.4™
“Ni5/5Co” / Bal. 25.3 0.2 7.2 +0.5 “0.4"*

*. C not controlled by EDS; supposed to be coryeaspected according to the experience acquircdihg
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time for this elaboration procedure; confirmed oy bbtained density of carbides
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Alloys Oxide scale thickness (um
“Ni0/5Co” Not available (too severe
spallation)
“Nil/5Co” 17.0 +5.5
“Ni2/5Co” Not available (too severe
spallation)
“Ni3/5Co” 21.0 +4.3
“Ni4/5Co” 11.9 +4.6
“Ni5/5Co” 22.5+4.4

Alloys Carbide-free zone depth
(km)
“Ni0/5Co” 128 +8
“Ni1/5Co” 98 +8
“Ni2/5Co” 85 15
“Ni3/5Co” 88 +10
“Ni4/5Co” 90 +12
“Ni5/5Co” 84 +7
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Table 3. Average and standard deviations (from 10 measurenef the thickness of the external
oxide scale (first results column) for the six glaxidized for 24 hours at 1237°C

Table 4. Average and standard deviations of the carbidedepth for the six alloys oxidized for 24
hours at 1237°C
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Table 5. Average and standard deviation for the chromiuntet in extreme surface (three
measurements) for the six alloys oxidized for 2drhat 1237°C

Alloys Chromium content Cr-gradient (wt.% / um)
in extreme surface
(wt.%)
“NiCo0” 19.8 +0.3 0.028
“NiCol” 19.6 +0.1 0.041
“NiCo2” 17.7 £0.5 0.049
“NiCo3” 17.5+0.2 0.046
“NiCo4” 11.0+04 0.112
“NiCo5” 10.6 £1.0 0.136

Table 6. Average and standard deviation for the tantalunterd in extreme surface (three

measurements) for the six alloys oxidized for 2drbat 1237°C

Alloys Tantalum content in Ta-gradient (wt.% / um)
extreme surface
(wt.%)
“NiCo0” 1.8+0.3 0.035
“NiCo1” 1.9+1.2 0.033
“NiCo2” 0.7 0.1 0.030
“NiCo3” 0.8 0.3 Too perturbed profile for allowin
gradient accurate enough
“NiCo4” 0.4 +0.2 0.030
“NiCo5” 0.7 0.1 0.026
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FIGURES
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Figure 1. {25Cr, 0.4C, 6Ta}-isopleth section of the Co-Ni-CrTa diagram
(computed using Thermo-Calc)
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Ni1/5Co alloy (as-cast) Ni2/5Co alloy (as-cast)

Figure 2. The as-cast microstructures of the three nickekbtalloys:
Ni0/5Co alloy (a, a’), Ni1/5Co alloy (b, b’) and 26Co alloy (c, ¢’);
SEM/BSE micrographs taken at x250 (a, b, c) or 81@Q b’, ¢’)

Materials and Corrosion 2018, 69, No. 6 pp. 703-713 (postprint version) 14



Figure 3. The as-cast microstructures of the three cobaledalloys:
Ni3/5Co alloy (a, @), Ni4/5Co alloy (b, b") and®5Co alloy (c, ¢);
SEM/BSE micrographs taken at x250 (a, b, c) or 81@Q b’, ¢’)
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Ni0/5Co alloy (24h 1237°C) Ni1/5Co alloy (24h 1237°C)

Figure 4. Enlarged views (top) of the surface oxidized statethe two nickel-richest alloys and
corresponding detailed views (bottom) with idengfion of the corrosion products: Ni0/5Co alloy (a,
a’) and Nil1/5Co alloy (b, b’); SEM/BSE micrograpta&en at x250 (a, b) or x1000 (a’, b’)
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Figure 5. Enlarged views (top) of the surface oxidized statethe two medium alloys and
corresponding detailed views (bottom) with idengfion of the corrosion products: Ni2/5Co alloy (a,
a’) and Ni3/5Co alloy (b, b"); SEM/BSE micrograpta&en at x250 (a, b) or x1000 (a’, b’)
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Figure 6. Enlarged views (top) of the surface oxidized statethe two cobalt-richest alloys and
corresponding detailed views (bottom) with idengfion of the corrosion products: Ni4/5Co alloy (a,
a’) and Ni5/5Co alloy (b, b"); SEM/BSE micrograpta&en at x250 (a, b) or x1000 (a’, b’)
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Figure 8. Example of concentration profiles acquired frord perpendicularly to the external oxide
scale / alloy interface for one of the medium alafter oxidation
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Figure 9. Example of concentration profiles acquired frord perpendicularly to the external oxide
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Ni(68.6-x)-Co(x) with 25Cr-0.4C-6Ta (wt.%)
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Figure 10. {1000-1500°C}-view of the {25Cr, 0.4C, 6Ta; wt.%ection of the Ni-Co-Cr-C-Ta

diagram
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Figure 11. {1000-1500°C}-view of the {30Cr, 0.4C, 6Ta; wt.%ection of the Ni-Co-Cr-C-Ta
diagram; theoretic consequences of a 5wt.%Cr adddf the high temperature microstructures
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