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Abstract. Tantalum carbides (TaC) are classical strengthepantjcles, like chromium carbides, in equi-
axed cast Cr-rich cobalt-based alloys. When theyofa eutectic nature and in quantity high enotigly may be
of great interest for applications at elevated terature, due to their favorable script-like morgiyy and their high
stability at high temperature. Unfortunately thegneot be so easily obtained in Cr-rich nickel-baa#idys of
similar composition. This can be resolved by addiobalt in substitution to nickel but such chemireddification
may change the high temperature oxidation behawiothe wrong direction. In this work several allpyal
containing 25%Cr, 0.4%C and 6% Ta (wt.%), were @ated and studied at a high temperature: 1127 °@pdears
that the 27wt.% Co content is high enough to altmbtaining primary carbides which are essentiall\CTahe
alloys rich enough in Co containing only tantaluantides are clearly disadvantaged in term of oiodatesistance
at high temperature by the high Co content anchbyabsence of interdendritic chromium carbides kntavact as
useful Cr reservoirs. Among the six studied allttysse are the three ones for which Co/Ni >1 thatafestrated
starts of catastrophic oxidation before 24 hourexgosure to air.

Keywords. Nickel-based alloys; Cobalt-based alloys; Chramioarbides; Tantalum carbides; High temperature
oxidation; Thermodynamic calculations
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INTRODUCTION

Primary carbides belong to the earliest metall@igioeans employed for strengthening the cast netdlbys
used at high temperature under mechanical str¢sssBeside chromium carbides, tantalum carbicks play a
special role, for example in the MarM-509 alloy 98- Even if many MC carbides may be obtained in
conventionally cast Ni-based [6] or Co-based [Ty, TaC carbides keep an interest high enoughetastill
employed in numerous superalloys [8]. Primary abiare principally used in equi-axed polycrystallalloys and
these ones often contain also high contents innclimo to resist oxidative chemical aggression ahh@mperature
[9]. Chromium is a potential competitor for tantalun the formation of carbides. Tantalum is not essarily a
carbide-former stronger than chromium and, in s@ases, chromium carbides may precipitate prefeigntio
TaC. For example, during the solidification of amiam-rich cobalt-based [10] and iron-based [11pydl TaC
forms at the expense of {0 or CksCs. It is the contrary for Cr-rich nickel-based alojl2]. Cobalt and nickel are
often associated to one another in commercial alléypr example Co can be present in nickel allayssblid
solution strengthening purpose and Ni can be addedobalt alloys to extend the temperature range of
thermodynamic stability of the high temperaturetenisic face centered cubic crystalline structureabalt. Other
possible types of association of nickel and coaiit to the better high temperature oxidation betvabirought by
nickel to a cobalt matrix by expediting chromiunffuion towards the oxidation front, or to the siahtion of the
TaC carbides induced by cobalt addition to a nickatrix [13].



The aim of the present work is to explore how tldavior in oxidation at high temperature of carbide
containing nickel-chromium cast alloys evolves wineore and more cobalt is added to stabilize tamadarbides
more and more efficiently.

EXPERIMENTAL

To investigate how the behavior in oxidation athhtgmperature of cast equi-axed nickel-based allogh in
chromium, strengthened by carbides and containimglatantalum content, may evolve when nickehizéasingly
substituted by cobalt, six alloys of the Ni-Co-28C4C-6Ta were elaborated. Their targeted chencimadpositions
are displayed in Table 1. These alloys were switke by classical foundry, by melting togethertparf pure
elements (Ni, Co, Cr and Ta from Alfa Aesar, anapdiite, purity higher than 99.9% in weight). Thiasaachieved
in the water cooled copper crucible of a CELES Higlyuency induction furnace (50kW, about 100Hzwimich
the molten alloys also solidified. All the alloyseme kept in the obtained as-cast state, without post-
solidification heat treatment, in order to stayttie usual conditions of use of many of the comna¢@ioys (e.g.
Mar-M322 or 509 of which the present alloys carcbesidered the simplified versions [1,2, 8].

The six obtained ingots, all weighing about 40 ggsamere each cut in four parts. One of them was fap
preparing the sample devoted to the as-cast miagiates control and a second one was speciallyapeel for the
oxidation tests at high temperature. The chosermpeeature and duration were 1127°C (1400K) and 24rshéa
day). The samples were placed in a muffle furnd¢abértherm) and exposed to laboratory air at tihgeted
temperature.

The obtained oxidized samples were first covereaupextra-thin gold coating. They were then immerisea
50°C-heated Watt’'s bath. They staid located betweennickel coupons which played the role of anodése
samples were polarized at a high potential allovangpnstant electrical current corresponding tolté\ x dn¥
current density known to allow a good conditionsoéting. After 2 hours of electrolytic coatingetiamples were
surrounded by metallic nickel shell thick enougtirtereafter protect the external scale during thténg necessary
to the preparation of cross-sections. Cutting chedi-coated oxidized sample in two halves wasiedrout using a
metallographic Buehler Delta Abrasimet 5000 metatphic saw. The obtained halves were embeddedcida
resin mixture (ESCIL). These cross-sectional samplepared from the oxidized alloys and the sanfpless-cast
microstructure observation were polished using [@@ers from 240-grit to 1200-grit. They were theashed and
ultrasonically cleaned to remove all possible &itac SiC particles. Final polishing, carried outngsitextile
supporting very fine (1um) hard particles, led tiorar-like states.

Metallographic examinations were done using a sognelectron microscope (SEM, JEOL, JSM-6010LA
model) equipped with an Energy Dispersion Specttem@EDS). The most used mode for imaging was Back
Scattered Electrons one (BSE). The applied voltags 20kV. The EDS full frame analyses were caroat at
x250 on three locations (random positioning) totaanthe general chemical compositions of the alo8pot
analyses were performed to identify the differelnages present in the alloys, and the differentesxigken in the
external scales and the internal oxides appeartttisubsurface.

Some thermodynamic calculations were also carnigdFor that one used the Thermo-Calc softwares{@erN
) [14] and a database. This database was the S@@bake [15] which was enriched with additionalabmand
ternary systems involving Ta, element which wassinig in the original database. This enriched versibich was
then used contained the descriptions of the TarllCo, Ta-Cr and Ta-C binaries, and of the Co-T&{=Ta-C,
Cr-Ta-C ternaries.

RESULTS

Chemical compositions and microstructures of the alloysin their as-cast conditions

As this can be verified by the EDS analysis requiesented in Table 2, the obtained chemical coitipos well
meet the targeted ones. However one must notéhtddlr contents are a little higher than what is washed. This
is also true for the Ta contents which are gretditan expected. This phenomenon is usual whenrfuthé EDS is
used for microstructures in which a part of tantalis involved in coarse TaC carbides. Neverthelmss can
consider that the Ta contents in alloys are thevesetlose to the wished ones. EDS does not opEratarbon
since this one is a light element and, in additimesent in very low quantity (wished contents oliyd).4%wt.%).
This is by considering the densities of the obtdicarbide network which allows estimate that then®.%C is well
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respected in all alloys. Periodically performedrkppectrometry analysis of alloys of this famigaborated with
the same protocol, constantly confirms that thgeteed carbon contents are always obtained withoutass.

The rather rapid solidification and solid state lowp induced crystallization and subsequent solidtes
transformations which did not really respect thagghdiagram (Figure 1). Indeed, it was expectedttieaNiCo0
and NiCo1l alloys will contain no TaC but only chiiom carbides. For the NiCo2 and NiCo3 alloys it wapected
that they contain both chromium carbides and Tatfidish the NiCo4 and NiCo5 alloys were expecieaddntain
only TaC. In fact, it appears that the as-cast osituctures of the two Ni-richest alloys (NiCoO aviCol: Figure
2) contain significant parts of tantalum carbidebi{e particles when observed with a SEM in BSE e)ptheside
the chromium carbides (dark particles) which arewitbstanding more present than the TaC. Tantalanbides
seem to be more present than chromium carbiddseiNiCo2 alloy (Figure 3) although they ought tmaén the
minor part of the carbide population, the chromicambides being expected to be the major part. TiGa3alloy
contains almost only tantalum carbides. In thisyathe chromium carbides are present only as raal articles
(Figure 3). The NiCo4 and NiCo5 alloys (Figure 4pgent microstructures which do not contain chromiu
carbides, and their carbide network is then onlystituted of tantalum carbides. Concerning the paases which
ought to appear during cooling below about 1000€€oeding to the phase diagram (e.g. thgThlintermetallic
compound), they were not observed. These smaligdisanents with what was predicted by thermodynamic
calculations can be easily explained by the rapiing during both solidification (e.g. segregatimfila rejected in
the liquid at the solid/liquid interface) and sadithte cooling (no time for nucleation and growkithe new phases).

Oxidation products and subsurface modifications: qualitative observations

During the twenty-four hours spent at 1127°C, #bys suffered from oxidation by the laboratory.dim all
cases a continuous oxide scale developed all arthensiamples. Internal oxidation also happenedaanuliter zone
of alloy subsurface lost the carbides which weréaily present there. Impoverishments in chromiamd in
tantalum occurred in subsurface These surface atxbusface modifications are illustrated by SEM/BSE
micrographs taken on the prepared cross-sectinrisigure 5 for the two Ni-richest alloys (NiCo0O aNi#Co1), in
Figure 6 for the two intermediate alloys (NiCo2 awicCo3) and in Figure 7 for the two Co-richest gl NiCo4
and NiCob5). In all these figures the upper micrpgrajives a general view of the oxidized surface ahdhe
deteriorated subsurface. These zones are mordedethgi the higher magnification micrograph disptipellow.

Two types of oxides formed for the three first gdNiCo0, NiCol and NiCo2) which are richer inketthan
in cobalt. These oxides are first chromia(@yJ, which represents the greatest part and whielxétusively present
in the external scale, and second a complex oxtdehainvolves chromium and tantalum simultaneo€lgTaQ).
The greatest part of this second oxide is presettieé subsurface, principally in the outer halfttoé carbide-free
zone, close to the alloy/external scale interféwaddition, this complex oxide is also presenaagavy oxide film
immersed in the chromia external scale.

The same oxides, chromia and the complex oxidehadnsium and are also present in the three lasysllo
NiCo3, NiCo4 and NiCo5, which are richer in cobian in nickel. As for the former alloys, chromgpresent,
again as an external scale, but another oxide M®aype is also present. This one involves of Nil &0 together
when Ni s still present in rather high quantitygeaf NiCo3). In the case of the two Co-richestya] it involves
only Co. This MO oxide is present too as an exkaxide separating chromia and air. These (Co,Ni@ CoO
oxides, visible thanks to their tint paler than tmeomia’s one, are known to be not so protectv€g0s. A third
oxide can also be found beside chromia and the Mides: the spinel Co@D,. It is mainly present at the
chromia/CoO interface.

Oxidation products and subsurface modifications: quantitativeresults

Even if it was obvious that oxide spallation ocedrduring the cooling after the end of isothermatiation, it
was possible to assess the thickness of the ektexide scale. This one was measured in ten distowations,
representative of the general state of the oxidaatace of each sample. The average and standaidtions are
given in the second column of Table 3 (the firguits column). One can see that the average okidkness
globally tends to increase when the cobalt conieateases. In fact, one can consider that the mattescales
developed over the three nickel-richest alloysddrine same thickness. This one is rather low: 6 fon. The three
other alloys indisputably constitute another growpijch is characterized: first by a much thicketeeral oxide
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scales (average thickness equal to 3 or 5 timeertas obtained for the three first alloys), andsedc¢regard to the
much by a worse thickness homogeneity as revdsl¢lde high values of standard deviation.

The depth over which alloys had lost their carbigesbviously also strongly dependent on the cobatitent
(Table 3, third column, e.g. second results colurRather high for the nickel-based NiCoO alloy, #verage value
(issued from ten values too) decreases of one, thisch 30 to 20um globally. From the NiCo2 alloytte NiCo3
one, the depth of carbides disappearance is suddenbled (typical 40um). By enrichment in Co, tfepth of
carbide-free zone decreases again, to reach athesarbide-free depth of the NiCoO alloy. One nalsb note that
the values of standard deviation are higher.

The local changes in the alloy in chemical compasitiue to oxidation can be illustrated by the @mrations
profiles acquired from the external oxide scaldldyainterface. They are presented in Figure 8 tfeg major
elements, and in Figure 9 for the minor elememtdy three of the six alloys. Each of them represemte of the
three kinds of alloys: the Ni-richest ones, the medones, and the Co-richest ones. The profile€roflepletion
(Figure 8) are often constituted of an outer phgracterized by a stationary Cr content followedatmather high
gradient. This outer part corresponds more or ietke carbide-free zone in the case of the twaoidtiest alloys.
Deeper there is a second gradient, which starts fhee frontier between the carbide-free zone aerdrther part of
alloy in which carbides are still present. This@®t gradient is low in the case of the Ni-richdkiya. For the Co-
richest alloys the second Cr gradient is more nhedel it becomes low or inexistent only much deegpbere the
alloy not affected by oxidation starts. When obsegthese Cr-concentration profiles one can sethieachromium
content in extreme surface of the sample, i.e. wtoge to the scale/alloy interface, tends decngasihen the
global cobalt content in alloy increases. Up to EIDS spot analyses were carried out in the allogxtreme
surface, all along the interface with the extestalle. The average and standard deviation valuesca¢culated for
the obtained Cr contents. These ones are presenieable 4. The average chromium content in extreoréace
obviously decreases when the cobalt content inallwy increases. This confirms the tendency shownthe
concentration profiles. One can also say that thezeto typical levels, 16-17wt.%Cr for the threieridhest alloys
and 12-13wt.%Cr for the three Co-richest ones.

DISCUSSION

The studied alloys belong to the same family asattwg/s recently studied by Z. Himeur [13]. As tbese later
ones, the as-cast microstructures of the presémysatio not respect exactly the microstructuredipted by
Thermo-Calc. This is not surprising. Indeed sai@difion and solid state cooling were fast, consageef the use
of a water-cooled copper crucible. This notablyt@the rejection of the heavy tantalum atoms @nliuid close to
the solidification front, with consequently the appance of interdendritic zone rich in segregated The
subsequent time spent at high temperature betwagtifisation and the end of cooling was not longoagh to
chemically homogenize the matrix. The chemical togfeneity at the microstructure size scale inhérfitem this
segregation phenomenon can be a first possibl@meathe appearance of tantalum carbides in thaltéree
NiCo0 alloy despite Thermo-Calc did not predictitipgesence. However, one can consider the bottarek of the
x250 SEM/BSE micrographs presented in Figures 7 ,having a general view of the cross-sectionsthef
oxidized samples. In these zones far from surfaod, therefore where the microstructure is too deegaving
been affected by oxidation, it appears that a Bagrit part of the TaC appeared during solidifioatstaid stable
during the rather long exposure at 1127°C. Furtleeemthe 1127°C-stabilized microstructure of th€dl alloy
(bottom part of the corresponding x250 microgréiply. 5, top left) only contains TaC as carbideggharhis was
not expected since thermodynamic calculations ptedithe presence of chromium carbides only, wmeually
very little quantity of TaC. The NiCo2 and NiCo3aogfs, which ought to contain significant quantitafschromium
carbides and of tantalum carbides, contained aaly ¢hromium carbides and essentially tantalum dagbiAfter
exposure at 1127°C for 24 hours their carbide paimn was composed of TaC exclusively (Figure Gfdmo
micrographs, bottom halves). Concerning the twbdHsys, NiCo4 and NiCo5, Thermo-Calc calculatided to the
presence of only TaC. This was effectively verifeegperimentally, in the as-cast state as well dheénpart of sub-
surface not affected by oxidation.. To finish orencnote that the surface fractions of TaC in theaas
microstructures seem qualitatively similar to omether between the four cobalt-richest alloys (fbpe@lmost free
of chromium carbides) and between all alloys exegiCo0 concerning the microstructures stabiliaed127°C
(carbides exclusively TaC).



To summarize, these observations, which are oftemlisagreement with the thermodynamic calculations,
demonstrate that the used database obviously neddsimproved to deliver more correct resultsrespnce of Ta.
Consequently one must use only the experimentaltsesvhich lead to consider that:

- the difference in high temperature oxidation bebabietween the NiCo0 and NiCo1l alloy can be dubdo

difference in nature of the carbide population al as to the presence of 14wt.%Co

- the differences in oxidation behavior between ttleepalloys should be exclusively attributed to e

content in the matrix.

The oxidation runs were carried out at a rathevatbl temperature, of the same level as for thatisaing
treatment usually applied during one or two hoorthe commercial precipitation-hardened superallpyisr to the
precipitation treatment. Therefore the presentyallmaybe considered as already chemical homogenizeithe
major part of the oxidation process. After crosstisaal metallographic preparation one observedduadacterized
the oxidation products which formed and the migrtatire consequences of oxidation in subsurfacsatt found
that the oxide scales formed on the NiCo0 alloy tredNiCol alloy were of the same constitution afthe same
average thickness. The carbide-free zone was gigntfy deeper in the NiCoO0 alloy than in the NiCallby. The
latter observation may be interpreted as followsrird) the whole oxidation, the chromium carbidesstixg
permanently in the NiCoO alloy dissolved over agréasing depth from the scale/alloy interface; ghienomenon
is due to the local decrease in Cr in the neighhatrix (Figure 8) subsequently to the Cr diffustomvard the
oxidation front. For the same reason, but this taoecerning tantalum (Figure 9), the neighbor tamacarbides
dissolved and the Ta atoms well diffused alongitberdendritic spaces free of chromium carbidess Effectively
may lead to a rather deep carbide-free zone anbetgresence of many CrTa®Oxides in the outer part of this
carbide-free zone. What occurred in the NiCol all@s probably different: the tantalum carbides, engresent
than in the NiCoO alloy, had a little grown by ptioig from the carbon atoms released by the disafpg
chromium carbides, and they were present in subserfor a longer time. Indeed, the diffusion of Treeatoms is
not as easy as the chromium atoms and this resulteds deep carbide-free zone forthe same duaratid127°C.

The NiCo2 alloy globally behaved as the NiCol omigh as results sensibly the same average scalentss
and the same carbide-free depth. However one ctnandecrease of about 1wt.% of the average Crenbii
extreme surface. This possibly means that the veldiffusion of Cr in the matrix may be not so easyor the two
former alloys. This is a possible effect of an impot presence of cobalt (27wt.%Co) substitutingkel in the
matrix.

By enriching more the alloy with cobalt, drasticaolyes occurred. With about 41wt.%Co against 27wt,%N
the next alloy, NiCo3, is no longer nickel-based tabalt-based. This change in base is obvioustprapanied by
a sudden change in behavior. Probable consequénkess easy volume Cr diffusion, this alloy loss ibtal
chromia-forming behavior before reaching the endhaf 24 hours stage. Consequently other oxides€ddrin
addition to the GO; and CrTaQ which were the only ones to form in the same diorth for the three Ni-richer
alloys. Indeed (Co,Ni)O was observed. This losshef chromia-forming behavior is due to the decraas€r
content in extreme surface of about 3wt.%Cr moressLslowed down by multi-constituted oxide scaks le
protective than chromia, oxidation was faster. Had as result a migration of Cr and Ta towardotkidation front,
and consequently a more extended carbide-free dZdreNiCo4 and NiCo5 alloys behaved worse thanNi@o3
alloy. In their case, the difficult Cr diffusiondnced a more dangerous exposure of the outer padioys to
oxidation. This led to a generalized oxidation af tgether with chromium. Greater parts of CoO ahdpinel
CoCr0O, oxides were obtained, and an inward penetratioroyafiation started, as revealed by the irregular
alloy/oxides frontier.

CONCLUSION

So, the increase in cobalt content induced a &atidn of the TaC carbides. Unfortunately, at skaene time
this hindered more and more Cr migration towardaxidation front. Both grain boundary / interdetidrdiffusion
were impacted by the absence of the interdendrfiromium carbides and by the less easy diffusiomoiume
through the matrix. The two moderately Co-addedyall NiCol and NiCo2, may present interesting meiciah
properties at high temperature since they contasirengthening network of interdendritic tantalwarbides,
despite their still rather intrinsically weak N&h matrix (compared to a cobalt-based one), witlomiceding the
good high temperature oxidation behavior of a ckmbmium-rich Ni-based alloy. The high temperatox@ation
resistance of the three other alloys, which contadme cobalt than nickel, must be improved to alexploiting the
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reinforcement by TaC. This can be done globallyaolgling several wt.%Cr points, either in the whdleya
(enriching in Cr its chemical composition) or orty the subsurface (by depositing chromium to défuwer a
limited depth, as allowed by some Chemical Vapopddion techniques). Although that the availabétatiase
was obviously not efficient enough to correctly atdse the metallurgical states of these quinaroyall
thermodynamic calculations in the cobalt-rich hft of the isopleth section (Figure 10) would stopvelitatively
that some microstructural consequences, eitherailolfCr-enriched alloy) or locally (Cr-enriched bmurface)
ought to be taken into account for their globahhigmperature properties.
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TABLE 1. Targeted compositions for the six alloys of thalgt(in wt.%).

Alloys Ni Co Cr Ta C
“NiCo0” Bal. 0 25 6 0.4
“NiCol” Bal. 13.7 25 6 0.4
“NiCo2” Bal. 27.4 25 6 0.4
“NiCo3” 27.4 Bal. 25 6 0.4
“NiCo4” 13.7 Bal. 25 6 0.4
“NiCo5” 0 Bal. 25 6 0.4

TABLE 2. Obtained chemical compositions (in wt.%); average standard deviation of three full-frame
SEM/EDS measurements carried out at the x250 niagtidn)

Alloys Ni Co Cr Ta C
“NiCo0” Bal. / 25.5 0.1 6.5 0.2 “0.4™
“NiCol” Bal. 14.3 +0.2 25.4 +0.4 5.6 £0.9 “0.4™
“NiCo2” Bal. 27.2 0.2 25.4 £0.1 6.5 0.2 “0.4™
“NiC03” 25.4 +0.3 Bal. 25.7 0.4 6.9 0.2 “0.4™
“NiCo4” 12.7 +0.5 Bal. 26.2 +0.2 6.6 0.8 “0.4™
“NiCo5” / Bal. 25.3 £0.2 7.2 £0.5 “0.4™

*: carbon contents not controlled by EDS but asstito be well respected according to the prackicaiviedge for
the elaboration protocol for many alloys befored aonfirmed by the obtained density of carbides

TABLE 3. Average and standard deviations of the thicknesseoéxternal oxide scale (first results columnj ah
the carbide-free depth (second results columnfhiesix alloys after 24h-oxidation at 1127°C

Alloys Oxide scale thickness (um) Carbide-free zoepth (uUm)
“NiCo0” 59+1.6 28.4 £2.8
“NiCol” 6.0 £2.3 18.1 +4.8
“NiCo2” 4.9 £0.7 18.7 £1.5
“NiCo3” 16.4 £3.9* 41.9 7.2
“NiCo4” 24.4 +4.8* 36.0 £7.7
“NiCo5” 28.6 £22.6** 29.0 6
* ** high or very high values of standard deviatidue to very heterogeneous oxidation behavialaiig the

surface

TABLE 4. Average and standard deviation for the chromiumertrin alloy close to the external scale/alloy
interface (three measurements)

Alloys Chromium content in extreme surface (wt.%)
“NiCo0” 16.8 £0.6
“NiCol” 16.9 +0.1
“NiCo2" 16.1 £0.4
“NiCo3” 13.0 £3.3
“NiCo4” 13.1 +0.3
“NiCo5” 12.4 +0.3
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FIGURE 1. {25Cr-6Ta-0.4C}-isopleth section of the Ni-Co-CrTa diagram computed by Thermo-Calc and
position of the six studied alloys



NiCoO alloy (as-cast) NiCo1l alloy (as-cast)

FIGURE 2. As-cast microstructures of the two Ni-richesogd (SEM/BSE; top: x250; bottom: x1000)



FIGURE 3. As-cast microstructures of the two medium all@&M/BSE; top: x250; bottom: x1000)
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FIGURE 4. As-cast microstructures of the two Co-richeshyal (SEM/BSE; top: x250; bottom: x1000)
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FIGURE 5. Cross-sectional examination of the oxide scatekssaibsurfaces of the two Ni-richest alloys
(SEM/BSE; top: x250; bottom: x1000).
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FIGURE 6. Cross-sectional examination of the oxide scatessaibsurfaces of the two medium alloys (SEM/BSE;
top: x250; bottom: x1000).
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FIGURE 7. Cross-sectional examination of the oxide scalessabsurfaces of the two Co-richest alloys
(SEM/BSE; top: x250; bottom: x1000).
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FIGURE 8. Concentration profiles in the subsurfaces ofahokthe six alloys (SEM/EDS); full scale.
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FIGURE 9. Concentration profiles in the subsurfaces ofahokthe six alloys (SEM/EDS); enlarged view.
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FIGURE 10. Effect of the addition of 5 wt.%Cr on the {XCr4C-6Ta, wt.%}-isopleth section of the Ni-Co-Cr-Ta-
C diagram (top: 25wt.%Cr, bottom: 30wt.%)
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