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Abstract. Nickel-based cast alloys rich in chromium and reicéd by TaC carbides are potentially very
interesting alloys for applications at elevated pematures. Unfortunately, unlikeobalt-chromium and iron-
chromium alloys, it is difficult to obtain exclugily TaC as primary carbides in Ni-Cr alloys. lrogh containing 30
wt.% Cr tantalum, carbides coexist with chromiuntbgdes. The latter tend to weaken the alloy at atied
temperatures because they become rapidly sphardathen quickly lose their reinforcing effect.this work, we
attempted to stabilize TaC as a single carbide elgstesting different chromium contents in the $0; wt.%]
range. Six alloys containing 0.4C and 6Ta, weigbmtents corresponding to equivalent molar contewese
elaborated by foundry, and their as-cast microstres were characterized. Samples of all alloysvexposed to
1127°C and 1237°C for 24 hours to characterize gtabilized microstructures. The surface fractiohshromium
carbides and tantalum carbides were measured lyeimiaalysis, and their evolutions versus the cluongontent
were studied. For the chosen C and Ta contengppeéars that obtaining TaC only is possible by efsing the
chromium content to 10 wt.%. At the same time, Ti@Ctions are unfortunately too low because a laggion of
tantalum integrates into the solid solution in thatrix. A second consequence is a critical decr@gasidation
resistance. Other possible methods to stabilize @a@ single carbide are evocated, such as thdtaimaaus

increase in Ta and decrease in chromium from 3%\@tr.

Keywords: Cast nickel-based alloys; High tantalum cont&farying chromium content; As-cast microstructures;

High temperature microstructures; Hardness; Highperature oxidation



INTRODUCTION

Polycrystalline refractory alloys based on nickebntaining high chromium content and strengthengd b
carbides were among the first superalloys to bel Use applications at high temperatures involvirgyese
mechanical and chemical conditions. Currently, ofivon-rich Co or Ni-based alloys elaborated by dtzds
foundry and efficiently reinforced by eutectic M@rbides appear to be very interesting superalloysuse at
temperatures close to 1200°C. They merit efforts fiother development, although current studies stith
predominantly focused on Ni-based alloys - and ntgealso on Co-based alloys - preferentially comtey Al
rather than Cr.

Indeed, most of the widely used modern nickel-basgzkralloys contain elevated concentrations ahalum.
This is notably the case for gamma/gamma prigi¢)(ones belonging to the single-crystal family [Their
superior creep strength at high temperature istdueptimizedy’ - precipitation achieved by multi-stage heat-
treatments adapted for each chemical compositibrTfieir oxidation resistance is attributed to gresence of Al
and Cr, as well as to other minor elements. Owim@g easy oxidation (very low Gibbs energy of fation of
alumina ALO; [3]), aluminum spontaneously forms and developaaexternal layer made of alumina, which is
particularly efficient in protecting the subjacertioy [4]. Unfortunately, when the usage tempemtigrtoo high (>
1100°C), they’ precipitates tend to disappear. In addition, wihies superalloy is in contact with some liquid or
condensed substances (e.g., molten glass), alyossibly dissolves in the melt. In such cases,rattethods must
be found to mechanically strengthen the alloyseat/ \nigh temperatures and to prevent too rapidclootosion.
Some previous solutions can be reconsidered, ssitheareinforcement by carbides and the introdanctibmore
chromium into the chemical composition. When thebicke-forming metal and the Cr content are judislgu
chosen, enhanced resistance to significant stresseso multiple aggressive environments may baiobt. The
polycrystalline superalloys exploiting these weallekvn trends currently perform as modern superallays
temperatures lower than 1150°C. Additionally, thegy behave correctly under stresses at temperditigiesr than
they’ solvus ones, as well as in the case of long-teontact with corrosive molten substances [5,6].

Chromium carbides were among the very first cabiebe used to strengthen refractory alloys [@{l kter,
other carbides appeared, such as the MC-type faanilynotably the tantalum monocarbide TaC [8].dditon to

some Ta-based [9] or heavily Ta-alloyed very rafsacalloys [10], recently published works have aerstrated
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that tantalum may be currently encountered in miigi-temperature alloys. One can find it in humertigh
entropy alloys (HEAS), in which it can be mixed w(fTi, Zr, V, Mo) [11], (Mo, Nb, Zr, Ti) [12], (NbMo, W) [13,
14], (Hf, Ti, Nb, Zr) [15, 16] or (Co, Cr, Fe, Nj1L7], for instance. Other types of alloys currerdigveloped for
high temperature applications also include sigaiftccontents of Ta, such as fi@einforced Co-Al-W alloys [18,
19] and Co-Re alloys [20]. However, tantalum isoafeequently found to be combined with carbon ifoyd
devoted to uses at very high temperatures. The cealide, which has been used for more than fifigryde.g.,
exploited in cermets [21]), plays a strengtheniolg in some rather old cobalt-based alloys. A fisshmple is the
one named Mar-M509 [22], which has existed for mgagrs now. Other examples are the conventionatdther
recent cobalt-based alloys [23-26] devoted to dtutistg the hottest working parts in glass indugirgcesses. TaC
introduction into the microstructures of cast Fedshalloys [27] and Ni-based alloys [28-32] wa® alscently
attempted. Among the Co-based, Fe-based and Ndkakeys containing Cr and TaC, the nickel alloyshably
represent the family of alloys that offers the leigihpotential for properties at high temperatufeseovice. Indeed,
with generally much better oxidation and corrosiesistances at high temperature than cobalt-bdked geasier
volume diffusion of Cr) and much higher intrinsicength than iron-based alloys (austenitic, rathan ferritic,
matrix), cast chromium-rich nickel alloys represtrd best base for developing high performance/aléxploiting
TaC carbides. Unfortunately, recent works (e.d8, [0, 31]) have shown that these carbides areargtstable in
nickel-based alloys, notably in the presence dfiigant quantities of chromium, even when Ta andr€ added
with high contents. For example, in Ni-30 wt.% dbys, the presence of 0.4 wt.% C and 6 wt.% Ta, weight
contents corresponding to a molar equivalence lerivwiea and C, only limited quantities of TaC canobg&ined
after solidification and cooling. At the same tinaesignificant fraction of chromium carbides iscafgesent in these
alloys. Furthermore, during high temperature expesuthe TaC carbides fragment and coalesce. Tieswmena
are slower than those for chromium carbides, baitTihC fragmentation and coalescence are nevershtelesapid
to allow profiting from the TaC strengthening dugrilong enough durations [28].

Nevertheless, it may be possible to develop supgsathat push the service temperature limits bdybb50°C
by taking advantage of the high chemical resistari@Ni-Cr base and the efficient strengthening’b¢ carbides.
However, solutions must be found to improve theeanability of the reinforcing TaC carbide networkhich is

threatened by chromium because of its tendencgttasaa competitor for tantalum in the formatiorcafbides. To



obstruct this deleterious effect of Cr, it is imtamt to better understand the influence of the miwon content in
alloys on the stability of TaC. This is the purpadethe present work. Here, a rather wide rang€iofveight
contents will be explored, from 0 to 50%, to expemtally investigate the microstructure variatidmNo-xCr-0.4C-
6Ta (wt.%) with the choice of a given Cr contensalidification as well as during high temperatatages. A series
of alloys will be elaborated by classical foundnyan inert atmosphere. Their microstructures atetia of post-
solidification cooling, as well as after isotherneabosure at two levels of high temperature, wélldharacterized.
Because Cr plays an important role in the resigtarialloys against hot oxidation, the surfaceestatf the alloys
aged at high temperature will be observed to deteriie possible consequences for the oxidatiomehof the

alloys due to changes in Cr content made to opérttiz carbide population.

EXPERIMENTAL

Choice and synthesis of the alloys for the study

The Ni(bal.)-30Cr-0.4C-6Ta composition, the subjgfotarlier works, was taken here as the baseeoédhies of
alloys for elaboration. On one side, the Cr contea$ decreased in slices of 10 wt.% (20, 10 and.%\Zr in the
alloy) and increased in the same way (40 and 5®vin. the alloy). For each chosen composition, priglary
estimation of the liquidus temperature was caroat by performing thermodynamic calculations usifigermo-
Calc software (version N) to anticipate any diffigun melting because of a too high liquidus temgpere for some
of the alloys. The obtained theoretical value & lilquidus temperature continuously decreases ftd20°C for 0
wt.% Cr down to 1306°C for 50 wt.% Cr. This shoWwattno problem may be expected for the furnacewiibbe
used. The charges to melt were prepared. For ghimjxture of pure elements (>99.9 purity, Alfa Agsaas
constituted by weighing small portions using a ien balance. The obtained charge was placedénfukion
chamber of a furnace. Prior to heating and meltamginternal inert atmosphere was obtained by capdaair with
300 millibars of pure Ar. The high frequency indoatfurnace (CELES, France) was used as followsutivoltage
increased from 0 to 5000 Volts, frequency ratedpggroximately 110 kHz, constant heating during éhménutes
after apparent complete melting, and decreasepiat imoltage to allow liquid state cooling, soliddition and solid

state cooling. The previously described thermalecyeas applied a second time to allow total melifighe pure



elements initially introduced and to favor good rmiieal homogenization of the liquid alloy. After &btcooling, an

ingot weighing approximately 40 grams was obtaitzedarry out the following characterizations anstte

High temperature exposure tests

Each obtained ingot was divided into four partschiting (Buehler Delta Abrasimet metallographic sa@ne
of them was kept as the as-cast microstructurer@omivo were prepared for exposure to high tenjpeea and the
last one was kept in reserve. The two parts destioehigh temperature exposures were ground alired using
1200-grit SiC paper and placed in a resistive foen@Nabertherm) to be exposed at a T1 temperafurgs®°C for
one of them and at a T2 temperature approximat@d/Q higher for the second one. Thus, six sampbesing
from the six ingots were simultaneously exposed2#rhours to T1 during the same run. Similarly, s@mples
from the same ingots were exposed together to T24dours. A thermocouple placed very close tosthesamples
allowed measuring the stabilized temperaturesyeditained: these temperatures appeared to be Clifthe case
of T1 and 1237°C for T2. These temperatures rendatoastant throughout the exposure. These vald@s,°C and
1237°C, which were slightly lower than the targanhperatures (1150 and 1250°C), were considered théreal

temperatures of the applied isothermal exposures.

Preparation of the metallographic samples

For each alloy, metallographic samples were prepfiem the as-cast part and from the two aged phrtthe
case of the aged parts, two types of investigatiwase performed: the characterization of not oilg taged
microstructures but also the external and subsarf&iation states. This is why, before embeddimg) golishing,
the aged samples were carefully handled, and teegflted from the specific preparation: they wesated by a
thin layer of gold by cathodic pulverization tocall the subsequent electrolytic deposition of a quiite nickel
shell all around. After approximately two hoursaafthodic polarization under 0.016 A/cm? in a 50°@kmmained
Watt’s bath, the samples were ready to be cut mitiimal risk of loss of the external oxide scal@stting into two
halves was carried out with the same metallogragéne as previously used for separating the ingdtsthe initial

four parts.



The as-cast parts and the halves of the oxidizegbkes were then embedded in a cold resin mixtumyrgl and
polished. Grinding was achieved using SiC papedO«fit to 1200-grit). This was followed by interdiate
washing to remove any undesirable hard particlasafies were finally finished with textile enrichedith 1 pum

alumina or diamond paste.

Microstructure and cross-sectional surface staterelterization

The obtained mirror-like-state samples were exathinging a scanning electrons microscope (SEM) ef th
JEOL JSM-6010-LA type, back-scattered electron (B8&aging and energy dispersive spectrometry (EDS)
analysis. The obtained chemical compositions wesessed by EDS full frame analysis of the sampitece The
bulk microstructures of the six alloys in their st state and in their two aged states were desized by phase
identification (BSE images and EDS spot analyseg) phase surface fraction (image analysis of SEM/BS
micrographs). Additionally, X-ray diffraction (XRDyas carried out on the as-cast NCT5 alloy usirghdips
X'Pert Pro diffractometer to complete the identifion of the phases present in this alloy partidylach in
chromium. This was the single use of XRD since thchnique was not applicable to identifying thegds other
than matrix because of the too small surface fvastiof these minor phases (e.g., carbides). Theniche
composition of the matrix was notably measuredafballoys in all their states. The surface andssutace changes
due to high temperature oxidation were also obsewith the SEM in BSE mode. The different oxidesgemt
externally or internally, as well as the Cr contienthe extreme surface (in the alloy but very elés the interface
separating the alloy and the external oxide scaleje specified by EDS spot analysis. The depttlis#ppearance
of the initial carbides, or other phase, from thleyéoxide scale interface was measured. The thésknof the
external oxides was not systematically determinechbse of the loss of the scales in many casesodsevere
oxide spallation during cooling.

The quantification of the oxidation products ontncerned the internal oxides, which formed a vemggular
subsurface sequence of pale oxides close to thatiom front. Image analysis was used consideristgonly the
pale oxides present in the subsurface (major patlalso the ones mixed with the external scalengmpart) to
specify an equivalent thickness according to tfleviong steps:

- orientating the width of the rectangular imagingnelow parallel to the oxidation front;



- rating the detection gray level to only consideg fhale internal oxides (oxides of tantalum/chromium
determining the number of white pixels with regdadthe total number of pixels in the image, and
calculating the surface fraction;

- multiplying by the whole real surface (e.g., 10,8372 for x1000);

- and dividing by the width of the zone (126 um),hwibhe two last operations being performed in alsing
step by simply multiplying the surface fractionthg height of the rectangular micrograph zone tefrast.

This led to an equivalent thickness for the intemade.

Hardness evaluation

Vickers-mode macro-indentation was carried outdiingate the hardness of the six alloys for thaied¢hstates:
as-cast, agefl4 h at 1127°C and aged 24 h at 1237°C. A TesiWelpert indentation machine was used, and the
test was performed with a 10 kg load (penetrati@mygess for 5 seconds followed by dwell at a canidtzad for 10
seconds). Five Hv10kg results were obtained pepkanollowed by the calculations of the averaghigaand the

standard deviation.

RESULTS

Chemical compositions and as-cast microstructures ¢the obtained alloys

The chemical compositions of the obtained alloytedmined via EDS on three x250 zones randomlyeshos
the 1127°C-aged samples, are displayed in Taflleciated at the end of the manuscrifthe contents of Cr and Ta
are well respected, although they appear to be motess higher than expected for Ta in the NCT@ HCT3
alloys (a classical phenomenon in EDS when Ta ésqut as carbides). The general microstructurabeobix
obtained alloys in their as-cast states are istt in Figure 1 by SEM/BSE micrographs taken wi2b0
magnification. Obviously, they can be allocatedthoee categories: a single-phase alloy with sigaift Ta
segregation without any precipitated particles (¥ Tour alloys with a single-phase matrix contagnnumerous
interdendritic black and white particles (NCT1 tpahd an alloy with a double-phase matrix and doirtg Ta-
segregated interdendritic spaces (NCT5). The aetaiticrographs taken at x1000, presented in Figuedlow a

more exhaustive description of the as-cast miauosires.
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FIGURE 2. As-cast microstructures of the six obtained al{§EM/BSE micrographs, enlarged view: x1000)



NCTO is not really single phase because some ratésalated white particles also exist. Their whiite, as well
as their high concentration in Ta, confirmed by EBt analysis, suggests that these particles amtalam
carbides. However, due to their very small sizés ot possible to measure the carbon contentil&8ito NCTO,
the NCT1 alloy also presents matrix dendrites \sitheriphery clearer than the core, revealing hesesignificant
segregation in tantalum during pre-eutectic majrowth. Carbides, which are obviously of a eutectiture (mixed
with the matrix), are clearly TaC, as demonstrdigdspot analyses carried out on the coarsest anaglifin the
microstructures. One can also note the presendéewomall chromium carbides (darker than the mathese
ones, obviously also eutectic, are much more ptésghe NCT2 alloy, in which the script-like eutiecTaC is also
more developed than in the previous alloy. The waicshape and the very dark tint of the chromiwarbitles
suggest that they are of the;Cy type, according to WDS results (wavelength disparspectrometry) previously
obtained using a microprobe on identical partidesnd in cast alloys with similar chemical compimsit.
Although difficult to carry out, the EDS spot ansdg performed on the coarsest dark carbides efégcsuggest an
atomic Cr/C ratio close to 2. The interdendritichide network is more developed in the NCT3 alloyt the TaC
carbides seem to be much more developed than teenzim carbides. These ones become more preseint iaga
the NCT4 alloy. The last alloy, NCT5, is very diat from all the previous ones. In addition toeadritic network
of Ni solid solution matrices with interdendriti@¥egregated zones and TaC carbides, many coaksardas are
present. They are especially rich in Cr (60 wt.9d higher) and contain rather high Ni (36 wt.%) arad(3 wt.%)
quantities. As suggested by the XRD spectrum girdfigure 3, these two main phases are face-cehtergic Ni-
based and body-centered cubic Cr-based solid enkitiThese constituents are the same as the anas ifothe as-
cast microstructure of Cr(bal.)-50 wt.% Ni alloyidied in a recent work [33]. Thus, the NCT5 allastthe same
microstructure as this binary alloy, but the NCTEnwstructures also contain interdendritic Ta-sggted zones

and TaC precipitates.

Microstructure changes after 24 hours at 1127°C an®4 hours at 1237°C — qualitative

observations

After 24 hours isothermally spent at 1127°C, altmstructures changed (Figure 4). This exposuredaas a

homogenization treatment for the NCTO alloy, in ethithe outer parts of dendrites rich in Ta subsetjte
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segregation at solidification disappeared, as bl rare Ta-rich particles. The exposure to 112#fdlced the
disappearance of the chromium carbides initialgspnt in the NCT1 alloy. This 1127°C exposure alsted as a
precipitation treatment because numerous secoragtahbjdes appeared in the matrix. Such TaC pretimitaalso
occurred in the NCT2 alloy, in which one can ndte énset of both coalescence of the primary tamtalarbides
and disappearance of chromium carbides. For theNglidy, which was already almost free of chromicembides,
the interdendritic network of script-like TaC igsificantly affected: fragmentation and visible desses in the
surface fraction. The carbide population is shdretdveen chromium carbides and tantalum carbidéserNCT4
alloy. Lastly, the microstructure of the NCT5 allawitially rather complex with many phases, sormivbich were
chemically heterogeneous, became clearly simpliitdr exposure to 1127°C because it then was dolible
phase. Except for some small blocky TaC, the mhasps present are the FCC Ni-based solid solutidritee BCC
Cr-based solid solution. Some fine particles of oh¢he phases can be found in the other one:résslts from
solid state precipitation during post-isothermalgst cooling, as previously observed in a binanb@wi (wt.%)

alloy [33].

NCT5 as-cast iy

Coups

l, BCC Cr-based phase
@ FCC Ni-based phase

2Théta (Coupled TwoTheta/Theta) WL=1.54060
FIGURE 3. XRD pattern of the NCT5 alloy in its as-cast etat
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1127°C-aged NCTO 1127°C-aged NCT1 1127°C-aged NCT2

1127°C-aged NCT3 1127°C-aged NCT4 1127°C-aged NCT5

A%

FIGURE 4. Microstructures of the six alloys after 24 h 427°C (SEM/BSE micrographs, enlarged view: x1000)

After 24 hours at 1237°C, the microstructures upssingly also evolved from the as-cast ones (Fédry. In this
case, not only the NCTO alloy but also the NCT1 beeame single phase, and this phase was stilesaai127°C
in the NCT1 alloy. At more than one hundred deglegker, the TaC carbides were no longer stab&y became
totally dissociated, and their constitutive atoratalty dissolved in the Ni-based solid solution.n€erning the
NCT2, NCT3 and NCT4 alloys, the carbides presetdraiging are the same as those for 1127°C, bytadhe
noticeably coarser and coalesced. The microstraictithe NCT5 alloy is not as simple as that ateh at 1127°C

since TaC is more present.

Microstructure changes after 24 hours at 1127°C an@4 hours at 1237°C — quantitative

results

The surface fraction of the carbides was measunethie x1000 SEM/BSE micrographs by image analgsid
the results for all alloys and all states are plbtin Figure 6(A) for the chromium carbides (exclptthe NCT5
alloy, which does not contain such carbides) amgdiféi 6(B) for the tantalum carbides. These qudivialata,

11
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FIGURE 5. Microstructures of the six alloys after 24 h a81°C (SEM/BSE micrographs, enlarged view: x1000)

which confirm the previous qualitative observasipallow us to see that aging may have had onhyall ffect on
the chromium carbides in the NCT1 and NCT2 allayge(lapping error bars), but it tends to decrelsesturface
fraction of the CiC, carbides (1127°C) and even suppress them (123¥fChntrast, a huge increase in the surface
fraction of chromium carbide occurs for the NCTtwl One must note here that EDS spot analysesrooiifiat
these regions are chromium carbides and not a BGaaged phase. Contrasting effects on the TaCauffaction
were also observed among the alloys: one day df tégperature aging induces a surface fractionedser and
evendisappearance of TaC for the NCT1, NCT4 and N&alibys, while the opposite effect is noted fog tHCT2
and NCT3 alloys. The total quantity of carbidesatif natures can be of great interest. The surfaaetibns of
chromium carbides and the surface fractions ofastan carbides were then added together, and ttaénelot values
are plotted in the graph presented in Figure 7s Tme clearly shows a jump in carbide quantity@mnsas the
chromium content becomes sufficiently high (NCT2\GT4 alloys, by comparison to the NCTO and NCTaye).

One can also observe a drop for the NCT5 alloyisndiouble-phase matrix.

12
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FIGURE 6. Surface fraction of the chromium carbides (A) afithe tantalum carbides (B) in all alloys for all
their metallurgical states (as-cast and 24 h-aydd27°C and at 1237°C)
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The two graphs displayed in Figure 8 show how tm®mium (A) and tantalum (B) weight contents in thatrix
evolve from the NCTO alloy to the NCT5 alloy andrfr the as-cast state to the aging at the highegtemature. In
addition to the unsurprising increase of the Crteonin the matrix with the increase in Cr in tley one can see
in the first graph that the Cr content in the maténds to increase with the aging temperaturelferNCT3 alloy
(consistent with the small decrease in chromiunbidas that was previously noted) and to decreatieaging for
the NCT4 alloy (consistent with the increase in¢cheomium carbide fraction seen before). The gstatariation in
the Cr content in the matrix is observed for NCfBs which the decrease in Cr, measured in the hickeed matrix
again, is due to the presence of the second pamiatix, the BCC Cr-based one. Concerning the Tdert in the
matrix, its decrease (respectively increase) isenmorless correlated with the increase (resp. dsejein the TaC
surface fraction for the NCT1 to NCT3 (resp. NCTWIdNCT5) alloys. It is true that the result dispems(see the

standard deviation value or error bar length) wigalarly important in some cases.
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Hardness

The hardness dependence on the Cr content inltheaadd on the metallurgical state is illustratad-igure 9.
One can see that the reproducibility of the indéonaresults is rather good. The average hardmeseases rather
regularly from the NCTO alloy to the NCT5 alloy. i$hincrease in hardness with the chromium contetiié alloy
can be logically attributed to the increase in ¢hebide fraction by considering only the five fiedtoys (NCTO to
NCT4). However, a contribution from the Cr enrichmef the FCC Ni-bases matrix is also expectededut] it was
observed that the hardness of Cr-containing Nidbasest alloys may slightly increase with the Crteat from 70
to 160 Hygwg from O to 35wt.% Cr [34]. In contrast, another kexmation must be found for the significant jump in
hardness seen for the NCT5 alloy, i.e., the appearaf the BCC Cr-based matrix part. Indeed, it wadier
observed that the Ni-saturated BCC Cr-based phasemt in Cr-Ni binary alloys containing more tfghwt.% Cr
presents a very high hardness, near 76Q,§Il83]. In the same work, it was found that hardneas decreased by
high temperature aging, an effect that was enhamdezh the aging temperature was higher. This itassical
consequence of the fragmentation of the carbidég;hvdeviated from their initial shapes inheritednfi the fine

solidification mechanisms that governed their glawt

Oxidation state after exposure to 1127°C and 12372qualitative observations

After 24 hours spent at 1127°C in air, all sampilese more or less oxidized on the surface anderstibsurface.
The most oxidized one is logically the chromiumefrene: NCTO. By looking at the cross-sectional SESE
micrographs given in Figure 10, one can see thatativn growth acted both outwards and inwardssTifialso
clearly evidenced by the absence (outer part ofottide scale) or presence (inner part) of tantatiom-particles
mixed with the oxide scale. The outer part of thkéde scale is composed of NiO oxide only, as spetiby
SEM/EDS spot analyses. The gray area of the inadrip mainly composed of NiO and more or less géoed
particles rich in Ta. These oxides seem to be ltamt@xides (Tg0s), but they are all too small to allow analyses to
be accurate enough to confirm this identificatibhe NCT1 alloy presents more classical surface saafurface
oxidation features, which are systematically fowftdr high temperature oxidation of Cr-rich and chataining

alloys: an outer oxide scale made of chromia inciidispersed small particles rich in Ta are ales@nt. A sub-
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FIGURE 10. Surface states of the six alloys after 24 h &72C in laboratory air (SEM/BSE micrographs, x1000)
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layer of CrTaQ, a classical oxide, is also present at the interfeparating the chromia scale and the alloy. &eep
a zone of alloy having obviously lost its initiarbides has developed. Here, only the matrix isgartebecause the
TaC has dissolved. The Ta and C atoms that thebi&lea involved have dissolved in the neighboringtnr. At
the same time, this matrix tended, in contrashdampoverished in these same elements by anotfegropenon:
Ta and C simultaneously diffused toward the oxatafiront to be oxidized (as chromia and the sulaserfoxide
CrTaQ,). Deeper again, one finds bulk-type microstruduwemposed of matrix and carbides. As describegtegbo
these fractions are coarsened and fragmented, faid durface fractions have changed. The same tgtinadi
observations, comments and interpretations candmerfor NCT2 to NCT4, except that the outer chrosai@le has
obviously spalled off almost totally during coolify the NCT3 and NCT4 alloys. This resulted in gresence of
isolated small areas of chromia here and therderalioy, instead of a real scale. In the specidise of the NCT5
alloy, which was initially different from the fivether alloys because of the constitution of itsrirabne should
note that this exhibited the BCC Cr-based phasectwHisappeared in the subsurface. This phase aded
chromium reservoir, and its dissolution releasedatoms, which diffused and participated in the titutson and
maintenance of the outer chromia scale. Tantalusritkalf also significantly diffused in the outwaditection, and
it oxidized as internal oxides with the inward d#g&d oxygen. It also participated in the formatadrthe sub-
chromia CrTaQoxide.

After 24 hours at 1237°C (Figure 11), the surfand aub-surface consequences of oxidation are djotied
same, with the main differences being the gre&iekness of the oxide scale and the greater deptimeocarbide-
free zone (or of the subsurface zone free of th€ BXt-phase in the case of the NCT5 alloy). Thithesreason for
the choice of two magnifications for the presentgdrographs: x250 for a general view, allowing taebide-free

zone and part of the still carbide-containing ktalke seen well, and x1000 for a more detailed \@ethe oxides.

Oxidation state after exposure to 1127°C and 1237°€quantitative results

The first quantitative data of interest was lodicéthe quantity of oxides formed. However, it was possible in
many cases to specify the thickness of chromiausecthe scale spalled off for all the chromia-forgnélloys and
the two temperatures. One can just mention thekreigs of the external chromia (approximately 10 ,utme

measurement of which was possible for the NCT1N@d?2 alloys after oxidation at 1127°C. These thiesses of
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FIGURE 11. Surface states of the six alloys after 24 h &71€ in laboratory air
(SEM/BSE micrographs, x250 and x1000)

the external chromia scale are much lower tharetloéshe NiO oxide grown externally (approximatgf/ um) and
the NiO internal oxide (approximately 60 um) mixgih tantalum oxides developed in the Cr-free NGOy at
the same temperature by cationic diffusion andraaidiffusion, respectively. At 1237°C, the thiclkses of these
two parts of the NiO oxide are twice those at 1T27°

Not subjected to spallation since it was well dietto the outermost part of the alloy with whitkvas mixed,
the CrTaQ oxide was analyzed in a quantitative manner. Weas done using image analysis for the surface
fraction measurements, which were thereafter esprein terms of equivalent thickness (method desdrin the
experimental details section). The obtained eqaivaCrTaQ thicknesses are graphically given in Figure 12. The
alloy presenting the greatest CrTa€qguivalent thickness is logically the NCTO alldgdeed, it oxidized much
faster than the other ones, taking into accountatieence of chromium and the consequently fasttgro#wNiO.
Notably, the significant depth of inward growth NfO exposed many tantalum atoms to internal oxihatjin

Ta,0s), not only in the matrix zone converted into Nigde but also much deeper.
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six alloys after 24 h at 1127°C and at 1237°C botatory air

Obviously, the inward diffusion of the small oxygatoms predominated over the outward diffusionhef less
mobile large tantalum atoms. The equivalent thisknef TaOs formed at 1237°C is three times that obtained for
1127°C. This logical difference is found again tbe NCT1 alloy, but with a lower ratio. Owing topeotective
external layer of chromia, oxygen did not accessTh atoms present in this alloy, in solid solutfan1127°C or
1237°C) or in TaC carbides (1127°C only). Insteba,diffused outward, as for the other alloys. Theiealent
CrTaQy thicknesses are minimal for the NCT2 and NCT3yallocertainly because of better protection by the
external chromia scales. Indeed, these alloys fabetter quality due to the efficient supply of for these alloys
rich enough in this element. Curiously, the equemalCrTaQ thickness increases from NCT3 to NCT4. This
difference between the two alloys may be explaimgthe difference in the carbide population in éisecast state as
well as during exposure to high temperature: tamtateems more stable in the NCT3 alloy becauseaissociated
with carbon in carbides, while a greater proportdriTa is present as mobile atoms in solid solutiothe NCT4
alloy, which contains less TaC and more chromiurbidas. Even if the oxidation of tantalum initialhglonging to
TaC carbides is possible (see the cases of NCTN&B, in which carbide-free zones developed), shigposes

dissociation into Ta and C first and diffusion bétreleased Ta atoms second. Principally in the IN@lToy, but
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also partly for the NCT4 alloy, the first step Iseady realized before the oxidation test. Lastyncerning the last
alloy, NCT5, which initially also contains only miTaC, tantalum has also only to diffuse toward dkiglation
front, resulting in an increase in the equivalent&D, thickness.

The oxidation processes led to the oxidation ohbatromium and tantalum diffusing from the bulk oam
increasing depth. This involved first the atomsspre in the solid solution but, shortly after, ateke Cr-rich and
Ta-rich particles, which started decomposing tovalthe local thermodynamic equilibrium to be ackig\despite
the impoverishment in Cr and Ta of the foreign immaffhis subsurface destabilizing effect of oxidatied to the
progressive development of a carbide-free zone fitmeninterface between the alloy and the extermaleo This
concerned only the NCT1 to NCT4 alloys, which cargd carbides in fractions high enough. The evolytversus
the chromium content in the alloy, of the carbidsefdepth as measured on SEM/BSE cross-sectiosebgnaphs
is plotted in Figure 13. One can see that the darfiee zones are the deepest in the case of tid by, which
initially contained a low fraction of carbides, A127°C and at 1237°C. The point corresponding te #tloy
oxidized at 1237°C corresponds to a part of thesgrface where rare carbides were observed; in astnirarbides
were totally absent in other core regions. Theidarfree depths are lower for the NCT2 to NCT4yaléor the two
aging temperatures because of the presence of mooh carbides in these alloys. However, the NCTdyalin
which a great portion of the carbides initially peat was composed of chromium carbides at higheestyre, was
more affected by the development of a carbide-feee than the NCT2 and NCT3 alloys, in which thebicke
populations were mainly composed of TaC. ConcertirggNCT5 alloy, it is not a carbide-free depthtthes
measured but the depth of the disappearance @@t Cr-phase in the subsurface. Very rich in chtomithis
depth is logically less extended than many of #mbide-free depths measured for all the alloys.

To finish with the quantitative exploration of theidation effects, one can look at the Cr impoverisnt in the
extreme surface. The Cr weight contents specifie8 BM/EDS spot analysis in the alloy in locatiomsyclose to
the oxidation front are graphically given in Figur. One can see that from the NCT1 alloy to thei€®rest NCT5
alloy, the Cr content in the extreme surface isagmately 6-7 wt.% lower than initially (initialantents given by
the “as-cast” curve). This occurs without any capsace for the chromia-forming behavior of the NGIINCT3
alloys. This is also true for the NCT2 one, despitmmmonly being considered that 20 wt.% Cr is blottom limit

for a nickel-based alloy to remain chromia formihngleed, the NCT2 alloy obviously maintained itsachia-
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forming ability until the ends of the oxidation expments. In contrast, the NCT1 alloy, which did iatially
respect the {Cr > 20 wt.%]}-rule, contained only eppmately 5 wt.% Cr in the extreme surface aftérhdurs; it

was certainly threatened by imminent catastropkidation.

DISCUSSION

The first comments may be made about the bulk reicuotures of these six alloys, the ones obtairfeet a
solidification and post-solidification cooling atite ones stabilized at 1127°C or 1237°C. Taking adcount their
relative proximity to the liquidus temperatureslipninarily assessed with Thermo-Calc (from 14208€the NCTO
alloy to 1306°C for the NCT5 one), the 24 hoursegposure to these temperatures can be considerEh@s
enough to reach the thermodynamic equilibria. Thgation in the chromium content in a {Ni(bal.)-C46Ta}-
based cast alloy had important consequences oraghmast microstructures and the ones stabilizetigit
temperature. The case of the Cr-free NCTO alloyeiy particular: by suppressing Cr in the chemgahposition
of the alloy, it was astounding to observe theltatesence of carbides. Despite the very low Gibiergy of the
TaC phase (-34,900 + 0.5 x T cal / mol of C betw&2B0 and 1400 K versus -12,833 — 3.05 x T cal I/ @hfor
chromium carbides [35]), tantalum did not profibrin the absence of its carbide-forming challengeagpear in
great quantities. In contrast, tantalum stayecha golid solution in the matrix as though chromiatlowed it to
substitute for nickel on the sites of the crystalstructure. Obviously, in a Cr-free Ni-based mathe most stable
position of tantalum is in substitution for the badement in the matrix, even if carbon is avadéabl form carbides.
With the presence of 10 wt.% Cr in the NCT1 allbgeems that there is not enough sites to acdehteara atoms
in the solid solution, and some of them must fooms TaC carbides. In this NCT1 alloy as well, chitomis
present in a quantity low enough to stay almosillptin the solid solution. With another 10 wt.% @crease
(NCT?2 alloy), a greater proportion of TaC is prasemd chromium carbides are now really presenhéas-cast
microstructure. By increasing the Cr content (NCar&dd NCT4), rather high fractions of TaC and chramiu
carbides are present. Enriching more in chromiududes the appearance of a second type of matrixeplaaCr-
based phase. This one is saturated in nickel, tanttystalline structure is body-centered cubiceity-four hours
of aging at 1127°C was sulfficient to totally homoige the NCTO alloy. Logically, 24 hours at 1237&d to the

same result. The total disappearance of the Takide initially present in the NCT1 alloy was ackié after 24
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hours at 1237°C: obviously, this temperature is1\legough to allow the matrix to host all chromidamtalum and
carbon atoms in solid solution. In contrast, theswnot possible at 1127°C, as demonstrated byrdseipce of TaC
carbides, primary and secondary (precipitated dutire high temperature stage). When the chromiunteot is
equal to 20 wt.% or higher, it is not possible ek the Cr, Ta and C atoms in solid solution, eateh237°C.
Chromium carbides and tantalum carbides co-extst. former ones tend to be significantly more presdren the
chromium content in the alloy increases beyond3that.% Cr of the NCT3 alloy, which contains thghest TaC
fraction at the expense of the chromium carbidésisT as it was earlier thought that chromium tendsinder the
formation of TaC in Ni-Cr alloys, in which chromiucarbides seemed favored despite the strongerdeafbiming
power of tantalum, this phenomenon is not so simpldact, it may be more the high, but limitedpaaity of the
austenitic nickel matrix to host high contents ofa@d Ta simultaneously that is responsible fordie& of tantalum
carbides in nickel-based alloys despite the preseoic tantalum and carbides in similar molar quaetit
Furthermore, the Ta/Cr balance for the tantalum e@m@mium quantities stored in the solid soluti@erms to be
higher in the case of nickel than in the case bittcand iron [24, 27, 28]. One can finish the dision concerning
the bulk microstructures and the evolution of theb@e population by noting that these results lmarassociated
with other studies dealing with the thermodynantabgity or thermal evolution of chromium carbidggs], MC
carbides [37], and both when present together 398, These recently published works do not addecesspetition
between chromium carbides and tantalum carbidesthay all demonstrate the current interest for tblative
stabilities at high temperatures of different typésarbides in the alloys that they are devotestitengthening.
Concerning the consequences of the changes inhitwnawm content for the behavior of the alloys unde
oxidation at high temperature, it was not surpgdim observe a significant deterioration when the@tent in the
alloy was rated at values less than 20 wt.%: fagt growth for the NCTO alloy with internal oxidaticof Ta, as
well as chromia-forming behavior for the NCT1 allmyt imminence of catastrophic oxidation. Only gleys rich
enough in Cr behaved well, even the {double matdahtaining NCT5 alloy. In addition, the quantitati
investigation of the oxidation of Ta using imagealgris to assess the equivalent CrJdRickness revealed a
possible easier internal oxidation of Ta when pregesolid solution than when associated with oarim the TaC
carbides. One can note again, as earlier obseoreatter alloys rich in tantalum, that the develeptof the sub-

chromia CrTaQ scale was deleterious for the adherence of therreadt oxide scale on the substrate, leading to
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severe spallation upon cooling, which did not allawextensive characterization of the chromia sicaterms of

guality (compactness and absence or presence @ pod cracks) and of average thickness.

CONCLUSION

The first contribution from the knowledge of thimidy is the difficulty of making better than theassical Ni-
30Cr-0.4C-6Ta in terms of the TaC population byyiag the Cr content; 0.4% C and 6% Ta with 30% @& a
weight contents high enough to promote the fornmatbdd carbides with fractions high enough to effittlg
strengthen the alloy but not too high for presegvthe discontinuity of the interdendritic carbidestwork to
maintain ductility and fracture toughness. Withaejto this reference, one cannot obtain more teéghperature-
stable TaC by decreasing the Cr content in they tltis destabilizes a portion of the TaC) or bgraasing it (this
favors a higher chromium carbide / TaC ratio).

A second contribution is the knowledge of the deleerce of the high temperature oxidation behaviothef
studied Ni-Cr-0.4C-6Ta base of the alloy on theodfium content, with notably the minimum Cr content
recommended. A problem of easy oxide scale spatiatpon cooling due to the unavoidable formatiof€ofaQ,
at the interface was also evidenced, a phenomérabmtay be obstructed by additions of yttrium tg fee chromia
scale on the alloy substrate.

A third contribution is the discovery of the as{casd aged microstructures of several versionsNi@r-C-Ta
alloy different from one another in terms of the &@mtent level (for a rather wide Cr interval). blofy, the
characterization of the stable states for the tasitered temperatures produced qualitative andtjative data
(number and identities of the phases, their frasti@and their individual compositions) useful foistieg
thermodynamic calculations. Morphologic results rheyuseful for other considerations.

Further work to try to obtain a carbide populat@mymposed only of TaC, with a script-like shape iicded
with the matrix to enhance their strengtheningaffenay consist of increasing the Ta content beybed wt.% of
the present alloys and decreasing the Cr contdatv20 wt.%, for example, with a carbon content meined at
0.4 wt.% C. However, other methods can be testecdmaping from the quaternary Ni-Cr-C-Ta systemm, fo
example, by adding moderate quantities of baseeziespossibly favorable to a better stability af raC carbides

at the expense of chromium carbides — for exan@deand Fe — as suggested by previously obtaineshteesults.
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TABLES

TABLE 1. Chemical compositions of the alloys as obtainedrage and standard deviation values coming from

three EDS full frame measurements (carried ouf&0xi.e. about 0.173 mmz2 analyzed each time).

Alloy designation Ni Cr Ta
NCTO Bal. / 6.6 +0.1
NCT1 Bal. 9.9 +0.2 7.1+0.2
NCT2 Bal. 20.6 £0.3 11.5 +0.2*
NCT3 Bal. 27.1 £0.2 10.2 +0.2*
NCT4 Bal. 40.6 £0.3 6.2 0.3
NCT5 Bal. 51.2 +0.6 6.2 £0.2

Carbon content: cannot be controlled; supposee todil respected
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