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Abstract

A series of six alloys derived from a Ni-25Cr-0.4Ta (wt.%) base one was
developed by substituting nickel by cobalt. Theyravaynthesized by casting and
exposed to oxidative environment at two high terapees. Their bulk microstructures
were studied in as-cast condition and in two heghgerature aged states. Their surfaces
after oxidation during aging were characterizede Tobalt enrichment succeeded in
avoiding chromium carbides formation and in stabilj the TaC carbides at high
temperature. As the high temperature morphologibiltty of TaC was not perfect, it
was much better than the one of the chromium cashidut can be improved by the
total removal of nickel. Unfortunately, at the satinee, the oxidation behavior, initially
good, shows increased rate of the oxides formalibe.room temperature hardness was
also significantly increased by the substitutiorNofoy Co, and decreased after aging
when carbides became rounder or fragmented.

Keywords:Cast superalloys; Nickel; Cobalt; Tantalum Carbjddicrostructure; High
temperature oxidation;

Introduction

In parallel with many totally different applicatis such as medical ones [1],
nickel-based superalloys have been used for maang y'@ components working at high
temperature [2]. Among them the ones able to béoérd at very high temperature are
surely the single-crystalline ones [3,4]. Thesesodemonstrate superior behavior in
very hot conditions in oxidative environment, ewértheir microstructures tend to
evolve during exposure to high temperature with ufiameous application of
mechanical stresses [2,3,5,6]. On the other hame, too in parallel with many other
applications such as prosthetic ones [7] or cuttoogs [8], another important family of
superalloys is constituted of the cobalt-chromidlaya, prepared by casting processes
followed by forging or not [9]. Cobalt-based allogish in chromium can be met as
constitutive materials of aeronautical componeniskimg at high temperature, but also
in the glass industry [10], for example.
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In such nickel-based or cobalt-based alloys higtchmnical strength may be
achieved at elevated temperature following differerays, for example by gamma
prime precipitates for the single-crystalline Niogs or by solid solution strengthening
for the Co alloys. However, in both cases, sigaific reinforcement may also be
obtained by taking benefit from dispersed hardigas as carbides [2,3]. Particularly
efficient carbides for elevated temperatures ofkwname tantalum carbides, which may
precipitate during solidification (primary carbides thanks to judicious heat treatment
(secondary carbides). Their very interesting sdikgt shape inherited from
solidification and their rather high temperature rpimlogical stability allows high
performances in term of creep resistance at highpéeature. For example some
polycrystalline cobalt-nickel superalloys rich inromium and containing TaC as single
carbide, are successfully used at temperature2@3°C and more. Lifetimes of several
hundreds of hours can be reached under constagiletaitresses (several tens of MPa)
in severe conditions of oxidation by gases andoofosion/erosion by melts [10]. The
formation of TaC logically requires the presencecafbon and of tantalum, the latter
one being also able to act as a solid solutiomgthener. It is also known to influence
the high temperature behavior of refractory allmythe microstructure stability field [3,
11] or in the hot oxidation one [12, 13].

When the alloy must contain high quantity of chnem to well resist to high
temperature oxidation and corrosion, tantalum ceadbican be difficult to obtain. This
seems to depend on the base element as seen maBdawt.%Cr-containing cast alloys
based on Co, Fe or Ni [14-16], for instance. Tasllgappeared during solidification in
{C0-30Cr, wt.%}-based [14] and {Fe-30Cr, wt.%}-baksd15] alloys and were
thereafter stable during exposure at high temperatuhile it was all the contrary in
{Ni-30Cr, wt.%}-based alloys [16]. The TaC which rcdbe obtained without any
problem cannot significantly reinforce Fe-basedyal rich in chromium, since the
Body Centered Cubic matrix of these alloys is miochweak to allow any benefit from
the presence of TaC carbides. Co-based alloyshtakefit from both the intrinsic high
mechanical strength of their matrix and the stdlal€ carbides, but they are often hard
to machine at room temperature. This difficultyeishanced by the presence of the
tantalum carbides. In addition their behavior imdation at high temperature is far from
perfect. Indeed they are often threatened by thgeaance, in addition to £s
(chromia), of CoGiO, spinel oxide and of the CoO cobalt oxide, both matective
and leading to the loss of the chromia-forming lédra Nickel-based alloys rich in
chromium appear as being a good compromise of naas® high temperature strength
and satisfying oxidation behavior. But their higgmiperature mechanical properties
cannot be improved by TaC carbides as efficiergljoa cobalt-base alloys. Inspired by
what was observed in the case of addition of Sefiity high content in iron to nickel-
chromium alloys [17], as is to say the stabilizatiof TaC carbides with favorable
fractions and morphologies, one can think to apiply principle to cobalt.

In this work cobalt was effectively added to a @l.)-25Cr-0.4C-6Ta, wt.%}-
base. The effect of such additions on the TaC ibmstobtained during solidification
was observed. The hardness at ambient temperaheelTaC characteristics after
exposure at two different high temperatures andaghgarent behavior in oxidation at
high temperature were characterized.
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2. Experimental details of the study
2.1. Choice and synthesis of the alloys

A series of six alloys was chosen for the studgni-an initial base consisting of
the Ni(bal.)-25Cr-0.4C-6Ta (wt.%) alloy, a secaaltby was defined by replacing a
fifth of the nickel quantity by the same amountcobalt. A third alloy was derived
from the second one by replacing a second fiftthefinitial nickel quantity, again by
the corresponding amount of cobalt... and so on €intgdhing with a sixth alloy based
only on cobalt. These six alloys were named “5NiQC&INi1Co”. “3Ni2Co”,
“2Ni3Co”, “1Ni4Co” and “ONi5Co” respectively. Theitheoretical compositions are
given in Table 1.

The alloys were elaborated by using a CELES highuency induction furnace.
Appropriate amounts of pure elements (Alfa Aesarijtp > 99.9%) were first weighed
using a precision balance, to have finally aboutgf@ms of each of the six alloys.
These parts of pure elements were placed in thallnetrucible of the furnace (copper
made, cooled by internal circulation of water dgraperation). A silica tube was placed
around to isolate the fusion chamber from the latooy air. Pumping was carried out
until obtaining about 5 x I®millibars as internal pressure. Vacuum was doranag
and pure argon was injected until reaching 800ilmails. Pumping until 5 x 1d
millibars was then done again. After three cyclesrdernal atmosphere of about 300
millibars Ar was obtained. Heating was carried loytinjecting the 100 kHz alternative
current corresponding to 2500 Volts. After thernteimogenization voltage was
increased to reach 4000 Volts and was then maeddior three minutes at this value.
Cooling down to room temperature was followed Iseeaond thermal cycle, identical to
the first one, in order to ensure the melting dbfalids and good homogenization of the
melt before final solidification and cooling.

2.2. Ingot cutting, sample preparation, high tengtere exposures

Each obtained ingot was cut using a Buelher Delieagimet metallographic saw.
Four quarters were thus obtained.

One was kept for preparing a metallographic sandpleoted to the examination
and characterization of the microstructure of theyan its as-cast state. For that this
first quarter was cut again, in two parts. Thesdspaere embedded in a cold resin
mixture (ESCIL) and ground. This was done usingepdpm 120-grit to 1200-grit, in
water. After washing and ultrasonic cleaning, sa&splere polished using textile disk
containing 1pum hard particles until a mirror-likeface state was obtained.

Two other quarters were considered for the exposatireigh temperature in a
Nabertherm muffle furnace: one at 1127°C for 24rhpand the other one at 1237°C
for 24 hours (measured temperatures). After highperature exposure they were
ground with papers up to 1200-grit, with smoothafighe edges. Gold was cathodically
deposited all around the oxidized samples in otdewbtain electrical conductivity of
the surface despite the presence of oxides, and thuallow subsequent nickel
electrolytic deposition. The gold-coated high terapere aged samples were covered
all around by a sufficiently thick nickel layer tprotect the oxide scales from
deterioration during cutting. The parameters of #lectrolytic deposition were: Watt's
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bath maintained at 50°C, current density: 1.6 A/ddhération: at least two hours.
Careful cutting in two halves was achieved using Buehler Delta Abrasimet saw
again, and these two halves were prepared asredeseribed for the samples for as-
cast microstructure examination.

2.3. Bulk microstructure and oxidized surfaces d@rations, hardness measurements

The bulks of the six alloys in their as-cast state in their two aged states
were examined by scanning electron microscopy (SHEEOL JSM6010LA) in back
scattered electrons mode (BSE). The chemical comnmas were controlled using the
Energy Dispersive Spectrometry device (EDS) equipghe SEM and spot analyses
were tried on the seen particles. For each allayeath metallurgical state three x1000
SEM/BSE micrographs were subjected to image ammalghotoshop CS software) to
evaluate the surface fractions of the differentseisa

The cross-sectional samples prepared from the afjegs were examined to
characterize the formed oxidation products andthesurface changes. The oxides were
specified by EDS analysis and, when possible leen allowed by a not too severe
oxide spallation during cooling), the thickness tbe external oxide scales was
measured in several locations. The depth from tk®y/scale interface in which
carbides have disappeared was also measured, enabéscations too. To understand
the apparent oxidation behaviour the chemical caipa in alloy very close to the
alloy/scale interface was measured by EDS spotysisal

The hardness of the as-cast alloy and its twoimMessaged at 1127°C or 1237°C
was measured by indentation using a Testwell Wolggparatus. The Vickers method
was chosen, and the applied load was 10 kg. Faenitations per sample were carried
out.

3. Results
3.1. Qualitative bulk examinations

The microstructures of the six alloys were studied their three metallurgical
states: as-cast, after aging at 1127°C and aftergagt 1237°C. To facilitate the
comparison between these different states repeasent SEM/BSE micrographs
(magnification: x1000) are presented together g Eifor the “5NiOCo” alloy, in Fig. 2
for the “4Ni1Co”, in Fig. 3 for the “3Ni2Co” alloyin Fig. 4 for the “2Ni3Co”, in Fig. 5
for the “1Ni4Co” alloy and in Fig. 6 for the “ONiSt.

On these micrographs it first can be observed tihtalloys started their
solidification by the development of dendrites cditnix and finished it by the eutectic
precipitation of matrix + carbides mix. The carlidare present only in the
interdendritic spaces, in the as-cast alloys. Tluwesbides can be of two types which
were subjected to EDS analyses. Despite that thene wgenerally too small to be
analyzed using this technique, the results obtagmethe coarsest carbides suggest that
the black particles are really chromium carbideg) wtoichiometry close to @C;. Due
to the uncertainty about the exact stoichiometryyas preferred to simply note these
phases as “GE€,”. The white particles are TaC carbides. The saragigles are
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observed in the aged alloys but one can also rethatiktheir morphology and location
may have changed.

Concerning the as-cast microstructures it appgaiEious to allocate the six
alloys into three groups: a first one gatheringtihe Ni-richest alloys (“5NiOCo” and
“4Ni1Co0”") which contain chromium carbides and tdmba carbides in equivalent
quantities, the second one consisting in the twaysiwith almost equivalent quantities
in Ni and Co (“3Ni2Co” and “2Ni3Co0”) which contaimainly tantalum carbides but
also a little part of chromium carbides, and thedtbne concerning the two Co-richest
alloys (“1Ni4Co” and “ONi5C0”) in which only tantain carbides are present.

The three groups also exhibit different microstnoe evolution during aging. The
alloys of the first group remain with the two typescarbides after the isothermal stage,
whatever the aging temperature is. But their shapgsficantly evolved as coarsening
of the chromium carbides and fragmentation/coargeifor the tantalum carbides are
observed. These changes are more marked aftertreatitent at 1237°C than at
1127°C. The two alloys of the second group are &f=cted by the coarsening and
fragmentation phenomena. In as-cast state theylyneamtain TaC carbides and these
ones seem to be less fragmented and coarseneththéwo previous alloys, even after
aging at the highest temperature. The chromiumidasb initially in low quantities in
the as-cast microstructures are still present afjerg, whatever the temperature is, and
their morphologies did not seemingly evolve. Anottigference with the first group is
the higher tendency to precipitate humerous lgéeondary tantalum carbides during
aging, especially when the aging temperature i§1Q2After aging at 1237°C it seems
that the TaC precipitate in the matrix are less enoms and with a greater size.
Concerning the alloys of the third group, fragm&ata occurred again (in higher
proportions for the “1Ni4Co” alloy than for the ethone) but with less coarsening of
both primary and secondary tantalum carbides. SrgnTaC precipitation and
coarsening were obviously hindered for the “ONi5@dby while the two phenomena
are more visible for the “1INi4Co” alloy. This is sdrved for the two aging
temperatures.

3.2. Quantitative microstructure analysis; resufdndentation

The surface fractions of the chromium carbides @inithe tantalum carbides were
measured on three x1000 SEM/BSE pictures takeromes randomly chosen in the
bulk of the metallographic samples, using an imagalysis tool of the Photoshop CS
software of Adobe. This was done for all alloys tloeir three metallurgical states. The
obtained results are displayed in Table 2 and #netution versus the alloy chemical
composition illustrated in Fig. 7. After having dommed that the chromium carbides
surface fraction really decreases when substitutionickel by cobalt is increasing, it
can be noticed that the quantity of chromium cabitends to become higher during
aging (Fig. 7 A). Furthermore it increases when #gng temperature increases.
Concerning the tantalum carbides (Fig. 7 B), trelts globally confirm that the TaC
surface fraction increases when the substitutiomiokel by cobalt is greater. The
results concerning the 1127°C-aging are ratherteseat, which does not reveal any
clear dependence of the TaC fraction on the Coecdnin contrast there is a very
regular increase of the TaC fraction versus thec@dent after 1237°C-aging. Despite
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the rather curious results obtained for 1127°Gegms that aging at high temperature
induced an increase in TaC quantity for all alloys.

For all alloys and their three metallurgical stafige Vickers indentations under a
10kg-load were carried out. The obtained valuesdigplayed in Table 3 and their
evolution versus the chemical composition of alisyillustrated in Fig. 7 C. These
graphs clearly show a hardness increase when thsulxiitution of Ni is greater, this
for all states (as-cast or aged). Knowing that ttabantrinsically harder than nickel, it
appears rather logical to observe an increase ridnkeas when progressively moving
from a nickel base to a cobalt one. Globally tHeyal tend to be less hard after aging
than before. This difference in hardness is moséla between the as-cast alloys and
the 1237°C-aged ones, this seeming to point ouéféett of the coarsening of the
chromium carbides and of the fragmentation + coangeof the TaC. One can notice
that the intermediate alloys (“2Ni3Co” and “3Ni2gdeéend to be a little harder after
1127°C-aging than in their as-cast condition antheir 1237°C state: this may point
out a strengthening effect of the numerous secgndarbides precipitated in matrix
during the 1127°C exposure.

3.3. Qualitative cross-sectional examinations

The surface (and subsurface) states of the siysahged at 1127°C and aged at
1237°C were characterized on the same cross-satiamples as previously. Again, to
facilitate the comparison between these differetates per alloy representative
SEM/BSE micrographs (magnifications: x250 and x)G0@ presented together in Fig.
8 for the “5NI0OCo” alloy, in Fig. 9 for the “4Ni1Cpin Fig. 10 for the “3Ni2Co” alloy,
in Fig. 11 for the “2Ni3Co”, in Fig. 12 for the “IAIC0o” alloy and in Fig. 13 for the
“ONi5Co”.

The surface and subsurface behavior of all allégs,all temperatures, can be
described as follows:

- oxidation took place externally with the fornmatiof an outer continuous oxide
scale covering the alloy, involving chromium anslogbossibly the base elements

- oxidation also occurred internally with appeaearof CrTaQ oxides in the
subsurface close to the alloy/external oxide sicédaface

- carbides of all natures (&, TaC) and all origins (primary or secondary)
disappeared over a depth of several tens of midemelrhey are present again deeper.

Considering the high temperature oxidation poinview the six alloys may be
gathered into groups. The first group, includinge tthree nickel-richest alloys
(“5Ni0Co”, “4NilCo” and “3Ni2C0”), corresponds tdé outer presence of aOg
(chromia) scale, unfortunately lost during coolimg some cases (1237°C); when
observable, this oxide is obviously compact anttieffitly protected the alloys from too
rapid and general oxidation. The second group,asointy the three cobalt-richest alloys
(“2Ni3Co”, “INi4Co” and “ONi5Co"), is distinguishedy the deterioration of the
chromia scale (irregular, presence of porositiesi/@ the upcoming loss of the
chromia-forming behavior (presence of nickel andfvalt oxides).
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3.4. Quantitative metallographic results aboutdation

After these first observations, the thickness ef ¢éixternal scale was measured in
about five different locations on the cross-sedjas well as the depth of the carbide-
free zone. The results are displayed in Table 4 plotked versus the chemical
composition of the alloy in Fig. 14 (Fig. 14 A ftre oxide scale thickness and Fig. 14
B for the carbide-free depth). To complete the oleens concerning the lasting
quality or inversely the imminence of the lossha thromia-forming behavior, three to
five spot EDS measurements of the local chemicahpmsition of the alloy were
performed close to the oxidation front. The resales displayed in Table 5 and plotted
versus the alloy chemical composition in Fig. 14 C)

It appears that the oxide scale thickness inceea#td the Ni by Co substitution in
alloy and with the temperature. For the first poima evolution may be noticed as long
as nickel remains the major element (from “5Ni0Go0”“3Ni2C0”"), but the oxide
thickness dramatically increases when the alloytaina more cobalt than nickel. The
evolution of the carbide-free depth seems beingrsed, notably at 1237°C. Indeed, by
adding cobalt the carbide-free zone decreases mthdentil cobalt becomes more
present than nickel. The carbide-free depth becostabilized for further cobalt
increases. Concerning the samples aged at 1127é@yvblution is not so monotonous.
Furthermore the three nickel-richest alloys seenexbibit carbide-free zones a little
thinner than the three cobalt-richest ones. Thduéwo of the chromium content in
extreme surface versus the Co content in the @ltlye same for the two temperatures:
it regularly decreases between the alloy only basedickel and the alloy only based
on cobalt.

4. Discussion

For 25Cr, 0.4C and 6Ta (wt.%), whatever the Cdd&lance for the base element
is, the obtained alloys all contain, in the as-cezmtdition, a dendritic matrix and
primary carbides on a eutectic nature and locatetthe interdendritic spaces, without
any other particle/phase such as pre-eutecticdmfior example. A microstructure thus
constituted of imbricated matrix dendrites and wheb closely mixed with the
periphery of these dendrites is favorable to higbchanical properties at elevated
temperature. Unfortunately the morphology of thebickes evolves rapidly at high
temperature, faster for 1237°C than for 1127°Gtefiafor chromium carbides than for
tantalum carbides and, for the later ones, fastegnathe matrix is rich in nickel than
when it is rich in cobalt. When initially preseas is to say when the alloy is richer in
nickel than in cobalt, the chromium carbides casesnd become coarser and rounder.
The tantalum carbides become fragmented into akgmsnof round carbides. This
firstly resulted in a decrease of room temperahaminess for all alloys, from initial
hardness levels which become higher when cobaktisutes more nickel in the alloy.
Secondly, this reveals highly probable mechanicabkening of the alloy at high
temperature.

The tendency to coarsening or fragmentation of ¢hebides may be easily
explained by the thermodynamic reduction of theyainergy due to the decrease of the
cumulative matrix-carbides interface area. Afteriurs of exposure at 1127°C this
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morphologic evolution is not sensibly advanced omne first little changes can be
observed. It can be assumed that the carbides wlogphis significantly transformed
after much longer exposure. Fragmentation and/arseming occurred faster at
1237°C, with significant modifications after onlg¢ Bours. Since this affects essentially
the nickel-richest alloys specifically for theirromium carbides, it clearly appears that
these alloys can be expected to be used undersstrdy at 1100°C and lower
temperatures than at around 1200-1250°C. At thes kmperature the cobalt-richest
may be still usable. The intermediate alloys, cioimg almost cobalt as much as nickel,
seem to be the best candidates to resist mechatieabes and creep at around 1100-
1150°C. Indeed, their primary carbides (all of &umn) are almost unaffected, and they
exhibit particularly dense and homogenous fine Tatbides in the matrix, which
obviously precipitated spontaneously during thd@drs at 1127°C.

So, concerning the bulk microstructure, it candoacluded that progressively
substituting nickel by cobalt has a triple effgg}:hardening the matrix, (ii) replacing
the part of primary carbides which were initialjhromium carbides by more
morphologically stable TaC carbides, and stabifjziat high temperature the
morphology of TaC carbides which were already mst&ble than the chromium
carbides. On the microstructure point of view, aswhsequently for the resulting
mechanical properties, the temperature at whichMh25Cr-0.4C-6Ta alloy may be
usable under stresses increases of about one lu@digius degrees.

Concerning the behavior in high temperature oxatathe evolutions of the three
considered parameters (oxide scale thickness, gabsucarbide-free depth, chromium
content in extreme surface) are consistent and dstrate a significant decrease in
oxidation resistance by replacing nickel by cobBl. crossing the {Co=Ni} limit the
external scale becomes clearly deteriorated inityugdorosity) and purity (not only
chromia but additional presence of cobalt oxida)e@o the poorer protection of alloy,
oxidation becomes faster, this resulting in thicketernal oxide. In the same time the
chromium diffusion in the bulk becomes more difficiand its diffusivity decreases
with the progressive replacement of the nickel-Basmtrix by a cobalt-based ones.
This limits the depth of alloy supplying the oxiet front in Cr: chromium carbide-
free zone is not so deep, and a more intensiveitsoion of the thinner outer part of the
alloys involves locally low chromium contents. Taloim and tantalum carbides are also
concerned: indeed, for the nickel-richest alloyg, limit between the carbide-free zone
and the inner part of alloy still containing TaQhades obviously corresponds to the
same concerning chromium and the chromium carbitdisen TaC are the single
carbides initially present (i.e. case of the cebiahest alloys) the tendency goes on: the
limit between alloy with TaC and the carbide-framne progressively approaches the
oxidation front although the oxidation of tantalum subsurface seems to increase
(seemingly more CrTafoxides). Diffusion of tantalum to meet oxygen dsifug in the
alloy in the other direction seems then more difficThis double increasing difficulty
for Cr and Ta to diffuse through the matrix morel anore enriched in cobalt (to the
detriment of nickel) appears to be the origin & tbwer oxidation resistance (Cr) but
also of the persistence of an interdendritic nekwafrTaC still close to the surface and
favorable to a mechanical resistance of this autee of the alloy.
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5. Conclusion

By exploring the as-cast microstructures, the asituctures aged at different high
temperatures, the evolution of the correspondirgnrdemperature hardness and by
having a look at the oxidized states after agiegtment, this work pointed out several
significant consequences of the progressive sulistit of the base element by cobalt
until total replacement in an initial chromium-riaickel-based alloy containing carbon
and tantalum in equivalent atomic quantities. Apested this evolution of chemical
composition had positive effects (chromium carbideketed in the microstructure and
simultaneous increased TaC densities, progresarimde stability at high temperature,
potentially better mechanical behavior at high temafure) but also negative ones
(increase of hardness and probably lower machitgbidieterioration of the high
temperature oxidation behavior). After these fiokiservations and the consequent
hypothesis, further work may consist in really euerizing the high temperature
mechanical behavior of this series of alloys, adl we longer exposures at high
temperatures, to confirm the tendencies revealed about the bulk microstructures
changes and the transition from good behavior tast@phic oxidation. Fortunately, it
remains possible to enrich in chromium the surfacel subsurface of the alloys
containing TaC as single carbide, by using packergation. Indeed it was
demonstrated that such coating operation may beessful for polycrystalline cast
cobalt-nickel containing only TaC [18, 19]. Thudpgs with both high strength and
high chemical resistance may be considered for worller stress and aggressive
environment at temperatures between 1100°C andsali#b0°C, thanks to efficiently
reinforcing TaC particles and to available chromileading to protective chromia
scale. This latter might be subject to volatilinatiat so high temperatures, but it can
also provide several improvements, as a bettesteggie against both oxidation by
gases and corrosion by melts.
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Table 1
Chemical compositions of the studied alloysoreticand obtained*
Ni Co Cr Ta C
68.6 0 25 6
5NiOCo Bal / 25.5 6.5
' +0.1 +0.2
54.88 13.72 25 6
4NilCo Bal 14.3 25.4 5.6
' +0.2 +0.4 +0.9
41.16 27.44 25 6 £ q
3Ni2Co ol 27.2 25.4 6.5 N
' +0.2 +0.1 +0.2 for ail
27.44 41.16 25 6 alloys
2Ni3Co 25.4 Bal 25.7 6.9
+0.3 ' +0.4 0.2
13.72 54.88 25 6
1Ni4Co 12.7 Bal 26.2 6.6
+0.5 ' +0.2 +0.8
ONi5Co 0 68.6 25 6
/ Bal. 25.3 £0.2 7.2 £0.5

*. average and standard deviation values from E&IBSE full frame measurements
three randomly chosen x250 areas

Table 2
Surface fractions of the tantalum carbides andh@fchromium carbides present in the
alloys in their different metallurgical states

Alloy Metallurgical Surf.% TaC Surf.% Cr Cy
designation state average standard average standard
value deviation value deviation

Aged @1237°C 2.9 40.3 4.8 +.7

5NiOCo Aged @1127°C 2.6 +0.2 4.0 +0.7
As-cast 1.3 +0.3 3.3 +0.5

Aged @1237°C 4.7 0.1 3.1 40.3

4ANi1Co Aged @1127°C 5.8 +0.7 2.4 +0.8
As-cast 1.6 +0.0 1.2 +0.0

Aged @1237°C 5.8 40.9 0.4 4.3

3Ni2Co Aged @1127°C 4.1 +0.2 0.9 +0.4
As-cast 3.8 +1.0 1.4 +0.3

Aged @1237°C 6.8 40.9 0.1 0.0

2Ni3Co Aged @1127°C 5.7 +0.4 0.1 +0.1
As-cast 6.8 +1.0 0.1 +0.0

Aged @1237°C 7.2 0.1 0.0 0.0

1Ni4Co Aged @1127°C 3.5 +0.7 0.0 +0.0
As-cast 5.6 +2.2 0.0 +0.0

Aged @1237°C 7.0 40.8 0.0 0.0

ONi5Co Aged @1127°C 4.7 +0.7 0.0 +0.0
As-cast 6.2 +1.4 0.2 +0.2
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Table 3
Hardness of the alloys in their different metalload states
Alloy Metallurgical Hardness / Hvigkg
designation state average value standard deviation

Aged @1237°C 179 3

5Ni0OCo Aged @1127°C 193 4
As-cast 205 4

Aged @1237°C 184 3

4Nil1Co Aged @1127°C 204 4
As-cast 196 9

Aged @1237°C 202 5

3Ni2Co Aged @1127°C 223 3
As-cast 199 9

Aged @1237°C 218 5

2Ni3Co Aged @1127°C 270 4
As-cast 260 3

Aged @1237°C 270 5

1INi4Co Aged @1127°C 299 3
As-cast 296 7

Aged @1237°C 306 6

ONi5Co Aged @1127°C 337 5
As-cast 339 7

Table 4

Thickness of the external oxide scales and deptheoarbide-free zones after
oxidation for 24 hours at 1127°C or at 1237°C

Alloy Temperature Scale thickness (um) Carbide-free depth (um

designation | of oxidation average standard average standard

value deviation value deviation
. 1237°C / / 128 48
SNI0Co 1127°C 5.9 +1.6 28 +3
. 1237°C 17 6 98 48
4Ni1Co 1127°C 6.0 +2.3 18 15
. 1237°C / / 85 5
3Ni2Co 1127°C 4.9 +0.7 19 +2
, 1237°C 21 +4 88 +10
2Ni3Co 1127°C 16 +4 42 +7
, 1237°C " " 90 +12
INi4Co 1127°C 24 +5 36 +8
1237°C " " 84 +7
ONi5Co 1127°C " " 29 +6

/: oxide scale spalled off /I: oxide scale najular
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Table 5
Chromium content in ally very close to the oxidatfoont after oxidation for 24h at
1127°C or 1237°C

Alloy Metallurgical Chromium content in extreme surface (um)
designation state average value standard deviation

) 1237°C 19.8 0.3
SNI0Co 1127°C 16.8 +0.6
) 1237°C 19.6 0.1
4Ni1Co 1127°C 16.9 +0.1
) 1237°C 17.7 #0.5
3Ni2Co 1127°C 16.1 +0.4
. 1237°C 17.5 0.2
2Ni3Co 1127°C 13.0 +3.3
- 1237°C 11.0 0.4
1Ni4Co 1127°C 13.1 +0.3
1237°C 10.6 +1.0

ONi5Co 1127°C 12.4 +0.3
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"’5Ni0Co”’ alloy

AGED 1237°C

Scale
bar for
Tantalum carbides: - all:
Chromium carbides: * 25um

Dendrites core: e

Interdendritique spaces: ><

Fig. 1.
SEM/BSE micrographs illustrating the as-cast (bojtal127°C-24h aged (middle
position) and 1237°C-24h aged (top) microstructafate “5Ni0OCo” alloy
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"’4Nil1Co” alloy

all:

Tantalum carbides: -
25um

Chromium carbides: i\(
Dendrites core: @

Interdendritique spaces: ><

Fig. 2.
SEM/BSE micrographs illustrating the as-cast (buojtal127°C-24h aged (middle
position) and 1237°C-24h aged (top) microstructofate “4NilCo” alloy
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””3Ni2Co” alloy

Tantalum carbides: -
Chromium carbides: i\?

Dendrites core: {}

Interdendritique spaces: >

Fig. 3.
SEM/BSE micrographs illustrating the as-cast (bodtdl127°C-24h aged (middle
position) and 1237°C-24h aged (top) microstructafabe “3Ni2Co” alloy
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"”2Ni3Co” alloy

Scale
bar for
Tantalum carbides: <= all:
Chromium carbides: ‘i} 25um

Dendrites core: e

Interdendritique spaces: ><

Fig. 4.
SEM/BSE micrographs illustrating the as-cast (bodtdl127°C-24h aged (middle
position) and 1237°C-24h aged (top) microstructafabe “2Ni3Co” alloy
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’1Ni4Co” alloy

Tantalum carbides: -
Chromium carbides: *
Dendrites core: @

all:
25um

Interdendritique spaces: ><

Fig. 5.
SEM/BSE micrographs illustrating the as-cast (bodtdl127°C-24h aged (middle
position) and 1237°C-24h aged (top) microstructofabe “1Ni4Co” alloy
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"’0ONi5Co”’ alloy

Scale
bar for
all:
25pum

Tantalum carbides: <~
Chromium carbides: i\(
Dendrites core: e

Interdendritique spaces: ><

Fig. 6.
SEM/BSE micrographs illustrating the as-cast (bo)tal127°C-24h aged (middle
position) and 1237°C-24h aged (top) microstructafate “ONi5Co” alloy

19



Journal of Alloys and Compounds 739 (2018) 447-456

7 8
[ 1
g6 =7 .-
= - As-cast g | f \> A
o5 c
B —127c 25 /N |
= 4 o X 4
'y . 1237c €4 / N
8 3 4 Q / \/
£ g3/ |
a 2 E / —m-As-cast
<) G2 .
g, R 8 — ——1127°C
T\‘,,_/jﬁ 1237°C
0 T T T E T 0 T T T T T 1
5NiOCo 4NilCo 3Ni2Co 2Ni3Co 1Ni4Co ONi5Co 5NiOCo 4NilCo 3Ni2Co 2Ni3Co 1Ni4Co ONi5Co
A Alloy B Alloy
350
B 300 4
o
=
2> X
z
7 250
(]
c -
"Ev 200 . s —m—As-cast
T T ——1127°C
1237°C
150 T T T T T 1
5Ni0Co 4NilCo 3Ni2Co 2Ni3Co 1Ni4Co ONi5Co
C Alloy
Fig. 7.

Evolution, with the cobalt content, of the surféi@tion of chromium carbides (A), of
the surface fraction of the tantalum carbides (&) af the hardness (C), for the three
metallurgical states (as-cast, aged 24h at 1123G€q 24h at 1237°C)
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”’5Ni0Co”’ alloy

Fig. 8.
SEM/BSE micrographs illustrating the surface (A,a@BH subsurface (A, C)
deteriorations of the “5Ni0OCo” alloy after 24 howent at 1127°C (A) or 1237°C (B &
C) in hot laboratory air

21



Journal of Alloys and Compounds 739 (2018) 447-456 HAL.archives-ouvertes.fr

"’4Nil1Co” alloy

Fig. 9.
SEM/BSE micrographs illustrating the surface (A,ddyl subsurface (A, C)
deteriorations of the “4Ni1Co” alloy after 24 howgent at 1127°C (A) or 1237°C (B &
C) in hot laboratory air
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”’3Ni2Co” alloy / Cféos \

Fig. 10.
SEM/BSE micrographs illustrating the surface (AadBy subsurface (A, C)
deteriorations of the “3Ni2Co” alloy after 24 howgent at 1127°C (A) or 1237°C (B &
C) in hot laboratory air
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’’2Ni3Co"”’ alloy

Fig. 11.
SEM/BSE micrographs illustrating the surface (A,a@By subsurface (A, C)
deteriorations of the “2Ni3Co” alloy after 24 howgent at 1127°C (A) or 1237°C (B &
C) in hot laboratory air
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CA

’’1Ni4Co” alloy C;O ~ B 2
Cr,0, 3

re

Fig. 12.
SEM/BSE micrographs illustrating the surface (AdBy subsurface (A, C)
deteriorations of the “1Ni4Co” alloy after 24 howgent at 1127°C (A) or 1237°C (B &
C) in hot laboratory air
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iy
Crmfa0, Cr,0;

”’ONi5Co”’ alloy

Fig. 13.
SEM/BSE micrographs illustrating the surface (AaBy subsurface (A, C)
deteriorations of the “ONi5Co” alloy after 24 howgent at 1127°C (A) or 1237°C (B &
C) in hot laboratory air
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Fig. 14.

Evolution, with the cobalt content, of the thickeed the external oxide scale (A), of
the depth of the carbide-free zone (B) and of trermium content in extreme surface
(©), for the two oxidized states (after 24h of ggiat 1127°C, after 24h of aging at

1237°C)
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