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Abstract. Six alloys, based on Ni and/or Co with Co/(Ni+Ca}io varying from 0 to 1, and containing
25wt.%Cr, 0.4wt.%C and 1.6wt.%Ti, were synthesibgdconventional foundry way. Their as-cast micnostures
were controlled by electron microscopy. Parts elsthalloys, properly prepared on surface, were ¢éxposed to
atmospheric air during 20 hours at 1400K. The oletdisurface states and sub-surfaces were charactdry
optical observations and cross-sectional examinatlyy electron microscopy. The nickel-richest al@pntained
more chromium carbides than titanium carbides wtliis was the opposite for the cobalt-richest aloyhis
confirm the results of a recent study. It was ferthore found here that the alloys with many chramiztarbides
and few TiC were much better in oxidation at higmperature than the ones with many TiC and fewrnhnm
carbides. By considering the apparent involvemdntitanium in the oxidation process it seems that major
influent parameter is directly the base elememtgpendently on the nature of the obtained primarlides.

Keywords. Nickel-based alloys; Cobalt-based alloys; Chramioarbides; Titanium carbides; High temperature
oxidation
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INTRODUCTION

Despite the supremacy of tlys/ single crystals the polycrystalline superallogsued from classical foundry
process keep great interest by allowing obtainiagngetrically complex pieces for high temperaturpliaptions
[1]. To be strong enough when used under stresselevamated temperatures these alloys must be reedoat the
matrix level (e.g. by heavy atoms in solid solutmmparticles precipitation) as well as at the igriabundary level
(e.g. by primary carbides). The most commonly usaerbides for grain boundary strengthening are chrmom
carbides (containing, or not, other metallic eletegand the MC-type carbides. When the working terafure is
higher than 1000°C, MC carbides must be prefercgdHeir general better thermodynamic stability. dxag the
later ones, tantalum carbides are the most populas. TaC carbides are rather dense carbides (8:862]),
compared to TiC (4.85g/chfi2]). With, in addition, a lower cost of Ti by cqrarison to Ta, using TiC instead TaC
for the reinforcement of cast polycrystalline sughlerys, appears to be envisaged.

Ti is a common element in superalloys [1], in whithnay participate to thg¢ composition [1] or complex MC
carbides in association with other MC-forming met@d.g. Haynes 282 superalloy [3]). It is also mffgesent in
alloys employed for medical applications [e.g. dhitanium alloys [4, 5]. It was recently attemgt® promote the
formation of TiC carbides in chromia-forming quairy cast alloys, based either on nickel [6] orcohalt [7], by
adding rather high quantities of Ti and of C withiCT atomic ratio equal to 1. TiC carbides were ssstully
obtained in the {Co-25wt.%Cr}-based alloys [7] ifhieh they were almost the single carbides presertontrast,
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the {Ni-25wt.%Cr}-based alloys were almost free G with the presence of chromium carbides onlythirir
microstructures [6]. By substituting more or legskal by cobalt in {M-25Cr-0.4C-1.6Ti}-type alloy@M=Ni and/or
Co) one thought that it was maybe possible to abtaigreater fraction of the carbides being TiC.sTivas
attempted [8] and, indeed it was observed thatred@io leads to an increasing part of TiC in thergstucture
when the Co content increases. However, one cassghat the high temperature oxidation behaviothef Co-
richest alloys of the series may be deterioratedtudly of the effect of an increasing part of cobathe alloys on
their behavior in air at 1400K was then undertaken.

EXPERIMENTAL

The chemical compositions of the six alloys consden this study are displayed in Table 1. Albgl contain
25wt.%Cr for their resistance against high tempeeabxidation and corrosion, 0.4wt.%C to promoee fibrmation
of carbides in quantity high enough to significgnthcrease the mechanical resistance of the alliyfigh
temperature, and 1.6wt.%Ti to have as many titaratoms as carbon atoms. After having subtractelD@ the
sum of the weight contents in Cr, Ti and C, onechstvared in six proportions the rest between NiGnd

For each alloy, 40 grams of mix of pure metals #Mfesar, purity higher than 99.9wt.%) were prepaned put
in the copper crucible of the High Frequency inducfurnace (CELES, France, 50kW). A silica tubesvpdaced
around the crucible to isolate the metallic parsnf laboratory air. Pumping was performed out uetiiching 5x10
2 mbars in the fusion chamber and 800mbars of pigenawas injected inside. These two operations wepeated
three times. Heating and melting were realizedd@n3bar of Ar, with about 2 minutes of heating untitaining the
molten state, 3 minutes of isothermal stage to rentatal chemical homogenization and about ten temdor
solidification and cooling down to ambient temparat

The obtained ingots presented an ovoid shape. iMeey divided in four equal quarters, by sawing theith a
metallographic cutter (Delta Abrasimet of Buehle@ne of the four parts was divided in two parts and
metallographically prepared to characterize theasd-microstructure. Another one was kept for tkidation test.
This one was ground all around with 1200-SiC papi#h smoothing of the edges. Thereafter it was wdsand
dried. The six prepared oxidation samples wereeggldn six alumina nacelles with only three confamints with
these later ones. These nacelles were placed ioffeenfurnace (HFL 16/17 model, Nabertherm, 12kWpQ°C
max).

After heating at 20K/min, the samples were mairgdimat 1400K (1127°C) during 20 hours, in air. Aftee
isothermal oxidation stage the samples slowly abalehe furnace off, until reaching about 650°@ey were then
exited from the furnace (air-cooling). The oxidizedmples were photographed, then prepared for tbes-c
sectional observations. The start of this prepamatias to cathodically deposit gold all aroundit@dhe necessary
electrical conductivity to the outer side of thed®s formed. Each gold-coated oxidized sample was immersed
in a Watt’s bath heated at 50°C. It was then cattadig polarized to reduce the Niions of the solution in metallic
nickel. After about two hours at 0.016A/gna sufficiently thick nickel shell was obtained alound the sample to
ensure good protection of the external oxide sadlesg the subsequent cutting. The Ni-covered $asnpere cut
in two parts which were thereafter embedded in cekin (ESCIL), as the samples for the as-castasiaurcture
examinations. After about two hours in a 40°C stawe resin was totally rigidified. The samples avehen
extracted from the mold. All the embedded sammss;ast or oxidized, were ground with SiC papermf240 to
1200-grit. After ultrasonic cleaning in water thengples were polished with 1um hard particles sgraye textile
disk.

The mirror-like metallic top of the embedded sampleere examined using a JEOL JSM-6010LA Scanning
Electron Microscope (SEM), in Back Scattered Mo&SKE), with a 20kV acceleration voltage. The cheinica
compositions of the as-cast alloys were controbgdx250 full frame measurements on three randorhlysen
areas. Spot EDS analysis was also carried oueimtdtrix (center of dendrites) in three locaticms, tas well as on
the seen particles. The same measurements wereadairein the centers of the oxidized samples.

The oxides formed, externally or internally, weleserved in BSE mode, and identified by spot EDSyaiga
For each oxidized sample, a concentration profides warried out from the scale/alloy interface, pedicularly to
this one, towards the not oxidation-affected péthe alloy.



RESULTS

Chemical compositions and as-cast microstructures of the six obtained alloys

The chemical compositions really obtained are digpd in Table 2. One can see that all contentsweike
respected. One can only notice that the chromiues dand to be slightly too high for many alloy. T¢erbon
content, which cannot be measured with the singédable technique (SEM/EDS) because of its lowratomass
and its too low content in the alloy, can be expécs being well respected. Indeed, the applietbgobis exactly
the same as many times used for similar alloysaddition it is periodically controlled by spark sg@metry on
samples of the same category, and each time vatidBl looking to the density of the primary cadsdbtained in
the microstructures (Figure 1 and Figure 2), whctypical of many 0.4wt.%-containing alloys of th@me family,
the good respect of the targeted carbon contemrirmed.

The microstructures of the six alloys in their astcstates are illustrated by SEM/BSE micrograpkert with
two magnifications (general view and detailed viewl alloys are unsurprisingly dendritic, with & possible
types of carbides. As suggested by the more orhiggslocal concentrations, either in carbon andhiromium, or
in carbon and titanium, the as-cast Co-poorestNigichest) alloys contain almost exclusively amium carbides
(Figure 1). According to the spot analyses cardation the coarsest carbides which were foundatbmic Cr/C
ratio is close to 2 for the NiO/5Co, Ni1l/5Co (armmingly Ni2/5Co too) alloys. This suggests thasthchromium
carbides are of the @25 stoichiometry, which is confirmed by the usualcatar shape of the carbide part of the
interdendritic eutectic compound. In the Ni2/5Ckmakare fine Cs:Cgs are seemingly also present. They can be seen
thanks to their paler tint in BSE mode, but theyevimo rare and fine to be identified as previousfyqualitative
EDS results. However, particles with a similar &in¢ a little more numerous in the Ni3/5Co, Ni4/5@a Ni5/5Co
alloys (Figure 2). Nevertheless they are really thet main carbide type present since TiC carbidespeesent in
great quantity, especially in the two Co-richesoy. In the Ni5/5Co alloy the interdendritic catbinetwork is
almost exclusively made of TiC carbides, which abwiously of a eutectic nature. Indeed they arépstike
carbides mixed with the periphery of the matrix digies. So, when the Co/Ni ratio rises from 0 tahk acicular-
shaped eutectic €23 are progressively replaced by the Chinese scrifgtcic TiC carbides, with simultaneously
appearance of more £G€g carbides.

Results of oxidation

A quarter of each ingot, with preliminarily surfageeparation, was subjected to a 20 hours exp@aur400K in
atmospheric air. Macrographs of the oxidized sample presented in Figure 3 for the Co-pooresysland in
Figure 4 for the Co-richest ones. All ingot quattes obviously kept its oxide scale all around. ldeer, one can
see that spallation occurred, but this was ratimeitdd. The metal is visible here and there, bt tumulative
surface fraction of denuded alloy varies only bemw®5.8% to more than 99.5%, as this was measyréthdpe
analysis (tool of the Adobe Photoshop CS softwdfajthermore, one can say that the surface fraciatenuded
alloy tends to be a little greater for the Co-psbegloys than for the Co-richest ones.

When observed on cross-sections, the three Co-goalleys are covered almost exclusively by@zr(Figure
5). This chromia scale is very compact for the B and Nil/5Co alloys but it becomes a little perdor the
Ni2/5Co alloy. This obvious chromia-forming behavitemonstrated by the three Co-poorest alloysss &t least
locally, for the three Co-richest alloys (Figure B)deed, beside some areas covered by chromidjrateshere and
there (Co,Ni)O or CoO oxides juxtaposed or supergagith chromia, with additionally presence of diffnt spinel
varieties (CoGO,, TiCrOy). In all cases Ti@is also present. as an outer thin scale abovenihréor the Co-
poorest alloys, and as internal it the subsurface for all alloys. For the Co-rigthalloys, oxidation becomes
catastrophic in some location, with a penetratiomards the alloys. Generalized oxidation was olslipnear to
occur.

It was attempted to measure the thickness of tidemscales on the cross-sections. Table 3 (fistlt® column)
displays the values of the averages and standafidtid®s. The oxide (chromia) is the lowest for tBe-poorest
alloys, while the average values of thickness ésgteatest for the Co-richest ones. One can netgréat values of
standard deviation resulting from the existenceahy points of catastrophic oxidation for the latkoys.

Carbides, chromium carbides as well as titaniunbides, disappeared from the scale/alloy interfades
phenomenon, classical for alloys containing prinwasbides, is here more extended for the Co-richlésgs, due to
the obvious faster oxidation (Table 3, second testblumn). Nevertheless, because of the pointseaktrating
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oxidation, the local carbide-free depths can beelpwand taking them into account leads to loweraye values
and great values of standard deviation.

The carbide-free depths more or less corresportiei@hromium concentration profiles (Figure 7 foe full
scale profiles of the major elements Cr, Ni anddEdhree of the six alloys), more precisely to et with the
greatest gradient (Table 4, second results colufimg.inner chromium depletion, with a Cr gradietittie lower,
is included in the part of the alloy in which catbs are still here. Obviously, the disappearandbeointerdendritic
carbides induced little but existent difficulty f@r diffusion towards the oxidation front. In tHigld, by noticing
that the chromium gradients seem to be a littldvéigior the Co-richest alloys than for the Co-psbmnes, the
diffusion of chromium may be less easy for the fersnthan for the latters. One can additionally rtbi the
minimum Cr content in extreme surface was aboustimee (between 10 and 14 wt.%Cr) for all alloyswileer the
minimal chromium content seems to be maybe a liitier for the Co-poorest alloys than for the @best alloys
(Table 4, first results column).

Concerning titanium, depletions exist too for dlbgs but the profile is often perturbed by the qaece of
internal titanium oxides or of TiC carbides. Ti seehaving itself diffused towards the oxidationnfr@nd this
explains the presence of titanium oxides and afedpiinvolving Ti as constituents of the externdbe scales.

DISCUSSION

As this was recently found concerning the depengleon the nature of the base element, of the typbe
primary carbides issued from solidification [8]etiNiO/5Co (Ni-based in fact) alloy contains almestlusively
chromium carbides while the Ni5/5Co (Co-based iet)falloy contains here too almost exclusively Ti&bides
(thanks to the atomic equivalence between Ti andT@gse chromium carbides are;Cy; as is to say the high
temperature type of chromium carbides usually foum{0 to 30wt.%Cr}-containing alloys in presenogabout
0.5wt.%C. After solidification the cooling was puadily too fast to allow the transformation of thgthtemperature
Cr,C; into the low temperature &€s. These primary chromium carbides obviously sdkdifat the end of
solidification, by forming a eutectic compound Iretinterdendritic spaces. This compound is compos$edicular
carbides mixed with the periphery of the dendrifEse titanium carbides existing in the as-cast ositucture of
the cobalt-based alloy (Ni5/5Co0) are surely alsteeic carbides. They are themselves mixed withpivigphery of
the dendrites of matrix. Their morphology is diffat: Chinese script. A look to the bulk of the stwmfter their
oxidation tests shows that the chromium carbidgsifscantly evolved, more in term of morphology thia term of
surface or volume fraction: they became rounder mmwde compact. This results in the loss of theittrixa
imbricated character and probably of the reinforeenthey may bring to the alloy at high temperatimecontrast,
the TiC carbides kept their script-like morphologyen after 20 hours spent at the rather high testyre of 1400K
(1127°C). Their presence and morphological stgbiét think to a good persistence of the strengtigeeffect at
high temperature that they may bring to an alloycitis additionally already better than a nickébwliin this field.
If the Ni0/5Co cobalt-based alloy owns advantagdset mechanically resistant at high temperatuis, ib contrast,
the worst in term of oxidation resistance: mainbpalt oxides, spinels of different types, only tdi chromia,
numerous points of fast oxidation penetration, maoigls in subsurface... The Ni0/5Co nickel-basédyalis the
best in this field, with a protective chromia scal®iously of high quality (totally covering thersple, adherent to
the metallic substrate, without too numerous amaigporosities).

Between these two extreme alloys there are foweraihes, with varying Co/(Ni+Co) ratios. The traiesi from
chromium carbides to titanium carbides appears easgbprogressive, with transitorily low temperatu€e;Cs
chromium carbides co-existing with TiC. Consequenthe resistance of the carbides population against
morphological evolution at high temperature incesaswith favorable consequences for the sustaitalbil the
high temperature strength. In the same time, tht@ally very good high temperature oxidation degetes to
become almost catastrophic. The transition fromdégenerating good chromia-forming behavior todtast and
generalization of the catastrophic oxidation, flee ttonditions in this work (atmospheric air, 20 sou127°C),
seems to occur between the Ni2/5Co alloy and tl85dio one, as is to say when the alloy serieshgssto be
nickel-based to start to be cobalt-based.

The participation of titanium in the general oxidatbehavior was of several types. As earlier regzb[9], this
very reactive element was here internally oxidizethe subsurface of all alloys. This internal @tidn of titanium
took place from its solid solution position in thase of the Co-poorest nickel-based alloys, as aselfirom the
primary TiC carbides in the case of the Co-rictadistys. The formed titanium oxides are Ti@ spinel TiCsO,, as
suggested by the EDS spot analyses. In many casester TiQ was also found above the chromia scale (mainly
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for the nickel-based of this study). The limitechlégtion affected it first, with as result only lated parts of TiQ
along the unaffected adherent chromia scale. Hyisut is what is commonly reported for chromia-forgnalloys
containing titanium [10-14]. But titanium oxides meenever really found mixed with the other oxideshe cases of
the parts of samples catastrophically oxidizedT5@dded initially to form strengthening carbidesok part to the
oxidation process. By taking into account the ratbmall quantity of titanium oxides formed, for tihromia-
forming nickel-based alloys as well as for the wetl oxidation resistant cobalt-based ones, one think that the
presence of this element, sometimes claimed ag lwkdleterious for the high temperature oxidatiohaweor [15],
did not really influence the behaviors of the divys. The explanations of the differences of bétaof the well
oxidation resistant Ni0/5Co to Ni/2/5Co alloys ahé badly resistant Ni3/5Co to Ni5/5Co alloys istamly more
to be found in the intrinsic characteristics of thatrixes [16]. In the ones rich in nickel, chromigasily diffuses
towards the oxidation front. It is furthermore teby the presence of chromium carbides which neagomsidered
as chromium reservoirs available in the interdditdepaces. These reservoirs Cr deliver particylefficiently
since the interdendritic spaces act as fast ddfupaths for Cr. On the contrary, Cr diffusion iaah slower in the
cobalt-rich alloys: interdendritic spaces occupmBdTiC rather than by chromium carbides, and mdfécdlt
diffusion through the matrixes rich in cobalt. Ocen be easily convinced by considering the evalutbthe Cr
concentration gradients and the chromium contentxireme surface at the end of experiment (Tapl&udt this
can be also additionally illustrated numerically diying the following values of chromium diffusiaoefficients
available in literature for Co-Cr and Ni-Cr moddbgs (both at 1100°C): 2 x 18 cm?/s for Cr diffusion in Co-
14Cr [17] and 26 x I8 cm?s for Cr diffusion in Ni-25Cr [18].

CONCLUSION

Thus, it was here found again that the progressiNstitution of nickel by cobalt favored the forinatof the
morphologically stable script-like TiC carbidestiae expense of the less stable chromium carbidefrtunately
this had also obviously as consequence to harnaltbg's behavior in oxidation at high temperatuiteappeared
that it was mainly the mean used for promoting @ presence, i.e. an increasing cobalt part, tharresult (TiC
rather than chromium carbides) which is responsiblhis decrease in high temperature resistanmeuiately it is
still possible to improve the oxidation resistanfoe,example by enriching in chromium the TiC-caniiag alloys
(rich in cobalt), either at the level of the whaemposition (25— 30wt.%Cr,or more) or locally (surface and
subsurface enrichment in Cr, by pack cementatioeXample. This remains to be tested in future work
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TABLE 1. Targeted compositions for the six alloys of thelgt(weight contents).

Alloys Ni Co Cr Ti C
“Ni0/5Co” Bal. 0 25 1.6 0.4
“Ni1/5Co” Bal. 14.6 25 1.6 0.4
“Ni2/5Co” Bal. 29.2 25 1.6 0.4
“Ni3/5Co” 29.2 Bal. 25 1.6 0.4
“Ni4/5Co” 14.6 Bal. 25 1.6 0.4
“Ni5/5Co” 0 Bal. 25 1.6 0.4

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

Alloys Ni Co Cr Ti C
“Ni0/5Co” Bal. / 25.4 £0.2 1.6 0.1 “0.4™*
“Ni1/5Co” Bal. 14.5 +0.1 25.6 £0.2 1.6 0.1 “0.4™*
“Ni2/5Co” Bal. 29.1 £0.3 25.3 0.2 1.5+0.1 “0.4™*
“Ni3/5Co” 29.4 +0.1 Bal. 25.3 +0.3 1.6 +0.1 ‘0.4
“Ni4/5Co” 14.8 +0.1 Bal. 25.6 +0.3 1.7 +0.1 ‘0.4
“Ni5/5Co” / Bal. 25.7 0.1 1.6 0.1 “0.4™*

*: carbon contents not controlled by EDS but asstito be well respected according to the prackicaiviedge for

the elaboration protocol for many alloys before] annfirmed by the obtained density of carbides

TABLE 3. Obtained chemical compositions (in wt.%); average standard deviation of three full-frame
SEM/EDS measurements carried out at the x250 niagtidn)

Alloys Oxide scale thickness (um) Carbides-freeezdapth (um)
“Ni0/5Co” 18.1 £0.5 26.1£1.0
“Nil/5Co” 21.1£1.0 37.8 £3.5
“Ni2/5Co” 16.1+2.6 28.9 £3.5
“Ni3/5Co” 3-10um * 45.6 +4.2
“Ni4/5Co” 23.9 +16.8 35.6 +9.5
“Ni5/5Co” 34.4 £21.5 27.8 +4.8

*: probably minimized because one suspects thatéernal part of the scale was lost by spallation

TABLE 4. Average and standard deviation for the chromiunmtextrin alloy close to the external scale/alloy

interface (three measurements); assessment ohtbmm gradients from the concentration profiles

Alloys Chromium content in Cr concentration gradients from the
extreme surface (wt.%) scale/alloy interface (wt.%/pm)

“Ni0/5Co” 13.6 +0.6 0.15 over 65um
“Ni1l/5Co” 13.4 £0.4 0.30 over 35um, and 0.08 deeper
“Ni2/5Co” 12.1 £0.9 0.33 over 40um, and 0.12 deeper**
“Ni3/5Co” 12.5 +0.3 0.23 over 45um, and 0.11 deeper
“Ni4/5Co” 10.3 +4.1* 0.23 over 50um
“Ni5/5Co” 11.0 +1.6 0.25 over 50um

*. great variations (e.g. between 5.7 and 13.5wt6€: illustration in Figure 7
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FIGURE 1. As-cast microstructure of the three Co-poordelyal(SEM/BSE; top: x250; bottom: x1000)

Ni3/5Co alloy (as-cast) Ni4/5Co alloy (as-cast)

FIGURE 2. As-cast microstructure of the three Co-richéstyal (SEM/BSE; top: x250; bottom: x1000)
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FIGURE 3. Macrographs illustrating the oxidized state & three Co-poorest samples
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FIGURE 4. Macrographs illustrating the oxidized state & three Co-richest samples
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FIGURE 5. Cross-sectional examination of the oxide scahessaibsurfaces of the three Co-poorest alloys
(SEM/BSE; top: x250; bottom: x1000).
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FIGURE 6 Cross-sectional examination of the oxide scalessaibsurfaces of the three Co-richest alloys
(SEM/BSE; top: x250; bottom: x1000).
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