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Summary:

Six wear-resistant alloys based on nickel, contgindOwt.% Cr and from 2.5 to 5.0wt.%C, were
elaborated by foundry and subjected to oxidatiomibyat 1000, 1100 and 1200°C, for evaluating dkielation
behaviour of hard bulk alloys. Their microstructuage rich in chromium carbides, eutectic or prteetic, and
they also contain graphite for the highest carbamtents of interest. All the studied alloys obvigudisplay a
chromia-forming behaviour, despite the initial l@hromium content in the matrix. During oxidatiorrtmdes
disappear over an increasing distance from theativid front, with as consequence the enrichmenthef
neighbor matrix in chromium. The minimal chromiumntent on surface after oxidation decreases when th
alloy is richer in carbon and increases with thlatton temperature. The carbide-free zone tendsetdeeper
when the oxidation temperature increases, andvethen the alloy’s carbon content increases, in eshtwith
low-C Ni-30Cr alloys previously studied. The diseppance of carbides means a carbon loss as gaseous
oxidized species. This probably disturbs the oxidales growing on the external surface and mayenfie the
oxidation behaviour of the alloys. When presengpbite does not deteriorate dramatically the oiodat
resistance of the alloys. The hardness of the sléog lowered by the exposures to high temperatuteby the

presence of graphite.
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1 Introduction

The cast nickel-base alloys rich in chromium arepleyed in various fields, from low temperature (e.g
frameworks reinforcing dental prostheses [1-3])tamperatures much higher (e.g. the hottest partzseod-
engines [4-6]). Whatever the considered applicatbromium plays a very important role in the coiwas
resistance of the alloys, by aqueous solutions elsag by hot oxidant gases. Chromium is also gmomant
carbide-former element, stronger than nickel, andresence of carbon it can lead to chromium cagbighich
can be of different types (&€s, CrCs, CrC,, ...), with consequently important modifications séme
mechanical properties of the alloys: tensile stierand creep-resistance at high temperature forenatel
carbides fractions, high levels of hardness fohhigrbide fractions. In the latter case an intargsset of
properties can result from the association of ailBUECC nickel-based matrix and of numerous dispérhard
chromium carbides, e.g. not too low ductility witlyh hardness, as required for wear resistancé.[7-9

In service the wear- solicited materials or coaimgay reach high temperatures and they can betedfdxy
oxidation by hot air. Several studies have beesadly carried out on the oxidation behaviour at aloL000°C
of CrC,-rich nickel-based coatings deposited by varioohn@ues: detonation spray [10], thermal spray frl]
high velocity oxy fuel (HVOF) spray [12]. However appears that hard alloys containing high fractiom
carbides elaborated by foundry as bulk materiasyell as their behaviour in high temperature otxafa were
not so extensively studied. The aim of the presenk is to elaborate by conventional casting ao$eix nickel
alloys containing the same high chromium contenti @arbon with a content increasing from 2.5 t0.%@,
and thereafter to subject them to air at three héhperatures to examine how they can be detesibriay

oxidation.

2 Experimental details

Six compositions {Ni-30wt.%Cr}+C with a weight dan content equal to 2.5 (alloy “Ni25”), 3.0 (“Ni303.5
(“Ni35"), 4.0 (“Ni40"), 4.5 (“Ni45") and 5.0wt.% (Ni50") were considered in this study. Thermodynamic
calculations were first performed using the Thei@ale software [13] working with a database contajnihe
descriptions of the Ni-Cr—C system and of its syfteans [14 - 16]. This was done to anticipate dtable
microstructures that will be shown by the correspiog real alloys at the temperatures of the oxatatests, and
also the chromium repatrtition between matrix areldhromium carbides. Thermo-Calc was thereafter aded

to obtain some information about carbon in the sulface after oxidation.

The six alloys were elaborated by foundry undeamosphere of 300mbar of argon gas, from pure eltsne
(>99.9%, Alfa Aesar) using a high frequency indotifurnace (CELES). Fusion and solidification were
achieved in the water-cooled copper crucible offtmaace. The masses of the obtained ingots wavataldg.

In these ingots compact samples of about 125 mene cut to obtain several samples. Per ingotsangple was
prepared for the examination of the as-cast minmosire, and the three others were destined t@xidation

tests.
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After surface preparation, one sample per alloy @sgsosed to the laboratory air at 1000°C for 50r&ion a
resistive tubular furnace before cooling outsidembient air. The second one was exposed at 11808Ghe
third one at 1200°C, with the same other conditions

The as-cast samples and the oxidized samples webedeled in a cold resin mixture (Araldite CY230 +
Strengthener Escil HY956). The embedded samples thereafter cut in two parts using a Buehler ksbm
5000 precision saw, then polished with SiC papedeuwater (from 120 to 1200 grit), and finishedhwaiextile
paper enriched with 1pm—alumina particles. A Saagilectron Microscope (SEM, XL30 Philips) was u$ed
the metallographic observations, performed esdbnitiethe Back Scattered Electrons mode (BSE) amder an
acceleration voltage of 20 kV. The bulk of the ézétl samples were additionally characterized by &R
Diffraction using a Philips X-Pert Pro diffractoreet(wavelength Cu &) to better know the nature of the
carbides at the temperatures of the oxidation (estbides assumed to have not changed duringathiedoling
down to ambient temperature by air quenching). Wib&files (Wavelength Dispersion Spectrometry) were
performed using a Cameca SX100 microprobe, actes®xide scales still present on surface and tlog<al
sub-surfaces affected by oxidation, in order tadseknow the oxides’ natures and the chromium diple

The possible hardness evolution in the bulk dutireggoxidation tests were also investigated by apglyickers

indentations with a load of 30kg, using a TestWédlpert apparatus.

3 Resaults of the thermodynamic calculations

According to thermodynamic calculations all theogdl ought to be of a hyper-eutectic type sincer the
solidification would start by the crystallizatiof @arbides (MC; for Ni25, Ni30 and Ni35, MC, for Ni40) or of
graphite (Ni45 and Ni50). This is confirmed by thieservations done on the as-cast microstructuregtrated
by some SEM/BSE micrographs in Figure 1, in whiclke @an see the more (Ni25-Ni30) or less (Ni35-Ni50)
elongated carbides forming a eutectic with the ixathe coarse acicular pro-eutectic carbides (npoesent in
the carbon-richest alloys), and the lamellar grpm Ni45 and Ni50. Graphite is also present idIN{Fig.
2(a)) but these particles are rarer and more contpan in Ni45 and Ni50 (Fig. 2(b)).

The microstructures of the alloys at the three tenajures of oxidation tests are described in Tal{leatures of
the phases present) and Table 2 (mass fractiomawix and chromium contents in matrix). The twstfialloys
(Ni25 and Ni30) ought to contain FCC nickel-basealtn® forming a eutectic with carbides, pro-euteaid
eutectic carbides of two types {@ and MC,) at 1000 and 1100°C. At 1200°C the carbides pitem@na mix
of M;C; and M,C, for 3wt.% but there are only }@; for 2.5wt.%C. The Ni35 alloy qualitatively keepetsame
microstructure at the three temperatures (FCC matipro-eutectic and eutectic3s,), and the three carbon-
richest alloys contain a eutectic matrix, euteatid pro-eutectic NC, carbides, and also graphite.

In all cases the matrix is the main phase presaatags more than 70% of the alloy in mass) butnitsss
fraction depends on the carbon content. For exaraplE000°C, it decreases from 76% to 72% whercdneon
content increases from 2.5 (Ni25 alloy) to 5wt.%5®y. The mass fraction of matrix tends to increaken the
stage temperature increases, except when thengrgyeessive change fromgi, to M;C; (Ni25 and Ni30).
Despite the presence of nickel accompanying chronifuthe carbides (e.g. Ni is between 10 and 20%he&tM
element in MC; at the eutectic temperature, according to Thermiz)Cthe MC; and MC, carbides are very

rich in chromium (between 70 and 80% of Cr inQvland about 86% of Cr in M,, at the eutectic temperature,
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according to Thermo-Calc). Thus, their presencgreat quantities (between 24 and 28% of the magheof
alloy) induces a severe impoverishment in chromianthe matrix, by comparison to similar nickeloglé with
much lower carbon contents (for which the main péithe 30wt.% of chromium is present in matrixr Ehe
alloys of interest in the present study the chtomtcontents in the matrix are very low, from almbivt.% in
the Ni25 matrix at 1200°C to only almost 9wt.% lire tNi40, Ni45 and Ni50 alloys at 1000°C. One catenfor
the three later alloys, that the increase in cafbmm Ni40 to Ni50 profits only to graphite.

4 Metallography results after the high temperature oxidation tests

The surface states of all the alloys after oxidatai the three temperatures are illustrated by &S/
micrographs in Figure 3 for the Ni25, Ni30 and N&ys, and in Figure 4 for the Ni40, Ni45 and 0li&lloys.

All the samples were covered by external oxideeschut these ones were damaged during the isothstage
(internal growth stresses in oxides, gas formaligprtarbon oxidation between external scale andstistrate)
and partly lost during the post-test cooling sincdy some parts of oxides were still present onaheys at
room temperature, as seen in the cross sectioralogeaphically examined. The oxide scales were pmsad

of chromia, as shown by the concentration profilggen as examples in Figure 5, other oxides being
additionally present in some cases. Internal diddaobviously also occurred, as shown by the preseof
internal oxides and by some coarse carbides beditized (e.g. micrograph of Ni50 at 1100°C in Fig®). In

all cases carbides disappeared from the surfaddef@koy interface), over a depth which increaséth the
temperature of oxidation test. The values of theraye depth of this carbide-free zone measuredchie t
different micrographs for an alloy and one tempema{with the calculated standard deviation forastainty),

are given in Table 3. There is effectively an i of this carbide-free depth with temperatureafballoys,

but no clear evolution versus the carbon conterer(ef there is a tendency for an increase ofdleisth with the
carbon content). In some cases more or less timdketongated oxide areas exist in the carbidefres, as
illustrated for one oxidized sample by the micrgiraresented in Figure 6 and detected in othersdag&VDS
concentrations profiles revealing more or lessktlic.O5 inclusions.

Concentrations profiles were obtained for all theidzed samples by WDS measurements performed
perpendicularly to the external surface acrossottide scale and the sub-surface affected by oxidaflhese
profiles generally show a chromium depletion, i phenomenon usually met in chromia-forming retfsey
alloys is here often difficult to evidence becaw$eahe rather thin carbide-free zones and the lkighsity of
carbides present deeper. Nevertheless it was p@dsikextract first the minimal chromium contentanghe
surface for all oxidized alloys, and to estimate Hverage chromium concentration gradients foratleys
oxidized at 1200°C. The values are given in Tabllt dppears first that the average level of chtomicontent

in the carbide-free zones, and even a little deeger significantly higher than the theoretic cotdéein matrix
previously estimated by the thermodynamic calcoteti Second, the minimal chromium contents near the
surfaces after oxidation at 1200°C tend to decredwn the alloy’s carbon content increases; thigabese in
chromium also exists after oxidation at 1000 an@0EC from 2.5 to 4wt.%C in the alloy while it seeaimost
constant between 4 and 5wt.%C. In addition thisimméh chromium content tends to increase when the
temperature of oxidation test increases, notabiyéen 1100 and 1200°C.
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5 Balance sheetsin chromium and in carbon for the sub-surfaces

By calculating for each alloy the difference betwélee average chromium content in the carbideZee and
30wt.% (initial content), and assuming that themswo backward movement of the {external oxideldyal
interface during the oxidation tests (because attopsumption), it is possible to estimate the qtardf
chromium having leaved the alloy to form the chramkternal scale and, for the two highest temperatuhe
volatile oxide CrQ. The values are given in Table 5 in which therirdés result from the {average + standard
deviation} interval of carbide-free zone depth.general the mass of chromium lost by the alloysnduthe 50
hours of oxidation tends increasing from Ni25 t&Oiand also increasing with temperature. Howelveret are
particular results for Ni25, consequence of itspdesrbide-free zones at the three temperatures.

The main part of the carbon atoms released by ib@pgearing carbides have obviously lost the alkipse
they cannot exist in the carbide-free zone. Indesdpreviously used in other studies [17, 18] tloelynamic
calculations allowed here specifying the maximaboa contents authorized by the absence of carliaebhe
average chromium content in the carbide-free z@he. isothermal sections of the Ni-Cr-C diagram cotegd
with Thermo-Calc for 1000, 1100 and 1200°C preskimd=igure 7 effectively show that the carbon eoits in
the carbide-free zones must be lower than few waxight percents, which is negligible by comparisdgth the
2.5 to 5wt.% of carbon initially present. Thus, fglecting the carbon contents in the carbide-f@m®es one
can assess the masses of carbon having leavelidhe @ gaseous oxidized species. The obtainatesare
also given in Table 6 and they follow, except fa2% the same trend as chromium: increase whealtbg is

richer in carbon and also increase when the tertyreraf oxidation is higher.

6 Microstructure and hardness evolutionsin the bulk

The exposures to high temperature during the dxiddest were long enough to induce consequenaethdo
microstructures in the bulk of the alloys. In famympared to the as-cast microstructures the stapkfactions
of the carbides are not significantly changed, pkder the samples oxidized at the highest tempegasince
their carbides are obviously rounder and theirl teti@face fractions are slightly decreased. This lva seen by
comparing the bottom parts of the micrographs prtesein Figure 3 and Figure 4 to the microstrucure
illustrated in Figure 1. In contrast their typess(ied from solidification) may have changed toespond to the
thermodynamic equilibria at the stage temperaturke. X-Ray Diffraction spectra (two examples argptiyed
in Figure 8 and Figure 9) indicate that carbidesraw conform to the types predicted by Thermo-Caable
1). The stage durations at high temperature weng lBnough to allow the eventual transformation tef t
carbides to the most thermodynamically stable typed the cooling in air was fast enough to doailow a
new transformation of these carbides.

Vickers indentations were performed for all thegdl in the as-cast condition and in their threedagjates. One
can see that, in all cases, the hardness incredtbethe carbon content from 2.5 to 3.5wt.% theordases from
3.5 to 5wt.%C (Figure 10). For a given carbon conie alloy, hardness is higher for the as-cast@an than
for the three aged states. Further, the hardnear afloy exposed to 1100°C is almost the samésdsardness

after exposure to 1000°C, while an exposure at A208ads to significantly lowered hardness fottlad alloys.
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7 Discussion

Such bulk alloys elaborated by classical castingteiad by thermal spray or other coating deposi@ohniques,
led to rather coarse microstructures, with a lotarbides rich in chromium (€2,, and notably GC3;) among
which feature particularly coarse pro-eutectic @hb. Consequently the initial matrix is necesgaril
dramatically impoverished in chromium (less thawtl% for all alloys and even less than 10wt.% foe t
carbon-richest ones). This let think to a very detated oxidation behaviour of the whole alloyséese of a
continuous phase poor in chromium. Indeed, in afEsed aluminium, a minimum of 20wt.%Cr is generally
required for nickel base alloys to be chromia-forfi®, 20]). One can initially think that the alloyaybe not
helped by carbides the dissolution of which caridzeslow (especially for the coarse pro-eutectibickes) for
allowing the supply of chromium enough to consétaind to maintain an external continuous chromyarla
protecting the alloys [21]. Further, the presentgraphite may lead to sites of possible intensssigg by
oxidation of free carbon.

In fact, the development of a carbide-free zonaliralloys after the oxidation shows that carbides able to
dissolve with a sufficient rate to release theirochium atoms which enter the neighbor matrix. Tdliews the
matrix recovering a chromium content high enougtt, anly on extreme surface but in average in thelavh
carbide-free zone and the neighbor bulk part wkarbides are dissolving, as shown by the microprebelts.
This allowed obtaining protective chromia on suefatturing oxidation. But the dissolution of such tig
guantities of carbides also induces the releaseghf quantities of carbon (Table 6) which necesgaliffused
towards the oxidation front where they are oxidib®&d gases. The resulting total gas volume forakidation
duration (50h), estimated from the carbon massemngn Table 6 by using the molar gas volume aedorfect
gas state law to extrapolate at high temperatumdes from about 2mL / cm? (for Ni25 at 1000°C)atoout
55mL/cmz (for Ni45 at 1200°C). Since the kineticdd#velopment of the carbide-free zone is almosalpaic
(as previously observed for lower-carbon 30wt.%@mtaining nickel-base alloys for the same tempeeatand
atmospheres) the greatest part of this @@ume is liberated during the first hours of catidn. This essentially
perturbed the first stages of external oxide foromatbut the forming gas volume was also of impactafor the
growing conditions and adherence of the externaleogcale until the end of the oxidation testssTdan partly
explain that the observed external oxide is musls lontinuous as observed on Ni-30Cr-xC (with x<%ayt
alloys [22]. In addition, oxide spallation phenoraenay have also occurred during cooling.

If carbides — fine eutectic or coarse pro-euteetigenerally disappear and release their carbonchr@mium
atoms in the neighbor matrix instead being oxidizédvas sometimes found in the cross-sectionshef t
mounted oxidized samples that the coarse carbidested almost perpendicularly to the extreme srfgan be
directly oxidized (example in the micrograph of BNi®xidized at 1100°C presented in Figure 4), as als
encountered in GE»-NiCr composites coatings [23]. This may locallyaoge the oxidation progress. When
such coarse elongated carbides close to the osid&tbnt are on the contrary almost parallel to ¢éxéreme
surface it seems that they may be in some casdély paidized — by internal oxidation - before beitmally
dissolved, resulting in the persistence of a timt&rnal chromia film (Figure 6). Such internal d@imay favor a
detachment of a part of alloy during the high terapge stage (with consequently oxidation all acbtime
detached alloy part as seen in the micrographs28 Bnd Ni35 both oxidized at 1200°C in Figure &)during
the cooling (Figures 3 and 4, Ni35 oxidized at I’IDand Ni50 oxidized at 1000°C) under the thernnal/ar
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mechanical stresses developed between the extpantl(carbide-free) and the internal part (stilfbide-
containing) of the alloy sample. Concerning thepbite initially present in the carbon-richest alogne
observed that this phase totally disappeared institesurface affected by oxidation, consequentiythi
impoverishment in carbon due to the outward diffasof this element, without other consequencestter
oxidation phenomena.

It can be interesting to compare the oxidizedestaif these carbon-rich alloys to the ones of otearary
30wt.%Cr-containing nickel alloys also exposed @d, 1100 and 1200°C during 50 hours in previoudiss.
Figure 11 presents for the three temperatures \tbhkition, versus the alloy’s carbon content, of thmimal
chromium content on surface (a), of the averagbidaifree depth (b) and of the average chromiundigrd in
carbide-free zone (c and d) (only 1200°C for tHeyal of the present study), from 0 to 5wt.%, byiaddo the
present results the ones previously obtained fer[€h 0.8wt.%C] and [1.2; 2.0wt.%C] intervals ofogfs
carbon content (references: respectively [22] @#])[ Despite the presence of an external chroméeson
their surfaces it appears that the present aligsmore threatened by the loss of their chromiaifog
behaviour and then by a catastrophic oxidationn ttiee alloys with less than 2.5wt.%C, because efrth
chromium contents on extreme surface which areifgigntly lower. Second, in contrast with the akoy
containing from 0.2 to 2.0wt.%C for which the demththe carbide-free zone regularly decreased when
carbon content increased, there is rather an iserefthis depth with the carbon content. The latteservation
is especially true for the two highest oxidatiommperatures, for which the carbide-free zones ase al
particularly deep (notably for 1200°C) which leinthito an oxidation particularly fast. For the saatleys, the
average chromium gradient (after oxidation at 12)Ge&nds to increase with the carbon content, r&gealing
a faster diffusion of chromium towards the oxidatfoont. The chromium having diffused and leaveel alloy
during oxidation is then in greater quantities bfmthhigher temperatures and for higher carbonemst(Table
5), showing in the second case that richer in cathe alloy is, faster its oxidation is. Howevevee for the
carbon-richest alloys and for 1200°C, catastrophation was not started after 50 hours but it espp
imminent by considering the low chromium contemseatreme surface.

Concerning hardness, its bell-shape curve of elaviutersus the carbon content in the alloy (duthéofraction
increase in hard carbides (more than 1000Hv [2b; a6d to the appearance of graphite - is shifi@gn by the
50 hours stages at 1000 and 1100°C, and a seanadliy the stage at 1200°C. This softening of tlwysis a
consequence of the less (1000 and 1100°C, notyredible on micrographs) or more (1200°C, easily
evidenced) pronounced changes of shape and volamioh of the carbides induced by the long tin@ns at
high temperatures. Thus, such long exposures to te@mperature led to a loss of hardness, and plplodib
wear-resistance, severe for the surface/sub-suftasbide-free zones), and more limited for theki{ghrbide

evolution due to interfacial energy minimization).

8 Conclusion

Although a global chromium content generally coaséd, for nickel-base refractory alloys and supeyal,as
high enough to ensure a chromia-forming behavievesal characteristics of the studied alloys elatzat by
foundry as bulk materials can be initially conseteas detrimental for their resistance againstatidid at high

temperature: rather low chromium content in theatfietmatrix, great part of chromium trapped by the
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numerous carbides (among them some are very gaadehen difficult to dissolve for releasing ctmiam, in
some cases presence of graphite potentially easgpioly oxidize, high carbon quantities in wholkow
possibly leading to great volumes of gases aftadation with consequently perturbation of the evaht
protective oxide scale, ... Nevertheless the highpenature oxidation behaviours of these alloys wereer
catastrophic, even after a long duration at so léghperatures. In contrast, the development ofrbidefree
zone induces the replacement of the initial harfiase by a much softer one, which can be a prolitenthe
wear resistance. Fortunately the parts of surfatielwmay be exposed to friction in service arethetsame as

the ones which can be exposed to oxidation beazfitbe heating of the preceding neighbor zones.
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Table 1. Phases present in the microstructures of the studied alloys at the temperatures of the
oxidation tests (according to Thermo-Calc)

Phases 1000°C 1100°C 1200°C

Ni25 mat.FCC + M,C; + M3C, | mat.FCC + M,C; + M3C, mat.FCC + M,C;

Ni30 mat.FCC + M,C; + MsC, | mat.FCC + M,C; + M5C, | mat.FCC + M,C; + M3C,

Ni35 mat.FCC + M;C, mat.FCC + M;C, mat.FCC + M;C,

Ni40 mat.FCC + M;C, + mat.FCC + M5C, + mat.FCC + MG, +
graphite graphite graphite

Ni45 mat.FCC + M;C, + mat.FCC + M;C, + mat.FCC + M3C, +
graphite graphite graphite

Ni50 mat.FCC + M5C, + mat.FCC + M5C, + mat.FCC + MG, +
graphite graphite graphite

Table 2. Mass fractions and chromium contents of the matrix at the temperatures of the oxidation
tests (according to Thermo-Calc)

mass.% of | wt.%Cr in
matrix matrix 1000°C 1100°C 1200°C
Ni25 76.10 12.96 75.40 13.26 74.62 13.76
Ni30 76.64 12.96 76.61 13.26 75.53 13.27
Ni35 75.15 11.27 75.67 11.78 76.23 12.33
Ni40 73.04 9.26 73.74 10.03 74.44 10.76
Ni45 72.49 9.26 73.19 10.03 73.88 10.76
Ni50 71.93 9.26 72.63 10.03 73.31 10.76
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Table 3. Average depths of the carbide-free zone

Carbide-free zone

depth (um) 1000°C 1100°C 1200°C
Ni25 19+ 30 #2 64.9 +8
Ni30 11+ 15+2 44 5
Ni35 911 18 +3 76 £12
Ni40 12 +2 15+1 130 +7
Ni45 23 45 34 £11 160 +3
Ni50 07 50 +14 122 4

Table 4. Minimal chromium weight contents near the external surface and average chromium
content gradients across the carbide-free zone (one WDS profile per oxidized alloy)

average Cr
wt.%Cron | gradientin
1000°C 1100°C 1200°C
surface the cfz
(wt.%Cr/pum)

Ni25 13.7 0.005 14.4 0.018 17.3 0.029
Ni30 13.5 0.106 13.5 0.010 17.5 0.018
Ni35 10.4 0.032 11.1 0.059 17.3 0.021
Ni40 9.0 0.028 104 0.023 16.0 0.019
Ni45 9.3 0.001 11.0 0.018 154 0.029
Ni50 10.1 / 10.6 0.012 14.4 0.074
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Table 5. Estimated values of the masses of chromium lost per cm? of external surface by the alloys
during oxidation (difference between 30wt.% and the average new Cr content in the carbide-free

zone)

Loss of Cr in the carbide-

free zone 1000°C 1100°C 1200°C

(mg/cm?)
Ni25 2.33-2.60 3.50-3.93 5.10-6.93
Ni30 1.18-1.41 1.82-2.15 3.91-4.78
Ni35 1.32-1.64 2.31-3.11 6.20-8.59
Ni40 1.78-2.37 2.22-2.54 13.0-14.5
Ni45 3.04-4.69 3.57-6.87 16.9-17.4
Ni50 / 5.75-9.87 12.8-13.7

Table 6. Estimated values of the masses of carbon lost per cm? of external surface by the alloys

during oxidation (assuming that carbon is negligible in the carbide-free zone by comparison with the
initial carbon content)

Loss of C in the carbide-

free zone 1000°C 1100°C 1200°C

(mg/cm?)
Ni25 0.36-0.40 0.57-0.64 1.15-1.48
Ni30 0.25-0.30 0.33-0.39 0.98-1.19
Ni35 0.24-0.29 0.44-0.59 1.81-2.51
Ni40 0.34-0.46 0.46-0.53 3.99-4.44
Ni45 0.66-1.02 0.85-1.63 5.74-5.92
Ni50 / 1.50-2.58 4.77-5.10
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FIGURES

As-cast

Figure 1. The as-cast microstructures of the studied nickel-base alloys
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Figure 2. Shapes and repartitions of graphite in the Ni40 (a) and Ni50 (b) as-cast alloys graphite rare
and compact in Ni40 and more present and elongated in Ni50

(“x3” means that the magnification in the two smallest micrographs are three times higher than the
other micrographs’ ones)
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Figure 3. External oxides scales and sub-surface states of the alloys Ni25, Ni30 and Ni35 after 50h of
oxidation in air at 1000, 1100 and 1200°C
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Figure 4. External oxides scales and sub-surface states of the alloys Ni40, Ni45 and Ni50 after 50h of
oxidation in air at 1000, 1100 and 1200°C
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Figure 5. Concentrations’ profiles across the external oxide scale and the sub-surface (example of
Ni25 and Ni45 oxidized for 50h at 1100°C)
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Figure 6. Internal chromia oxide evidenced in the sub-surface; shape resulting from the oxidation of a
coarse carbide almost parallel to surface and favoring alloy spallation
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Figure 7. Isothermal sections of the Ni-Cr-C diagram computed with Thermo-Calc for determining the
maximal local carbon contents compatible with the average chromium content and the absence of
carbides in the carbide-free zones
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Figure 8. X-Ray Diffraction spectra showing the natures of the carbides in the bulk of one of the C
lowest alloys of the study (Ni30) after exposure to 1000°C, 1100°C and 1200°C
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Figure 9. X-Ray Diffraction spectra showing the natures of the carbides in the bulk of one of the C-
richest alloys of the study (Ni50) after exposure to 1000°C, 1100°C and 1200°C
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Figure 10. Vickers hardness of the bulk of the as-cast alloys and of the oxidized samples
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Figure 11. The minimal chromium content (a), the average carbide-free zone depth (b) and the
average chromium gradient in the carbide-free zone (c) enlarged in (d), plotted versus the carbon
content for the Ni-30Cr-0 to 2wt.%C alloys earlier studied [22, 23] and the Ni-30Cr-2.5 to 5wt.%C
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