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Abstract. Many cast chromia-forming nickel-based superallagsreinforced by carbides. In such alloys the
primary chromium carbides or tantalum carbides digpiose their strengthening effect in service aghh
temperature because of decrease in volume fraationmorphology evolution. Other carbides, HfC faarmple,
are more stable at high temperature and they carahdidates for the reinforcement of this type ugesalloy. In
this work, three nickel-based alloys containingv@3oCr, 0.25 or 0.50 wt.%C, and Hf with contentgthienough
(3.7 and 5.6 wt.%) to promote the formation of nuoons primary HfC carbides, were elaborated by foyndhey
were tested in oxidation by air during 46h at 1ZD0fvith thermogravimetry measurement and metalloigja
characterization. All the mass gain curves obtaiaeti parabolic and the oxidation rates of the stlidilloys are
only slightly faster than for corresponding ternarigckel alloys containing the same chromium andboar
quantities. The obtained values of the parabolitstant k and of the chromia volatilization constagt #educed by
applying the {m x dm/dt = k— k, x m} method, are typical of a chromia-forming beioa. However, small
quantities of Hf@ and NiCrTaQ oxides are noticed in addition to the chromia ec#h the bulk, the volume
fraction and morphology of the HfC carbides onlpieged a little.
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INTRODUCTION

Theyly single crystal nickel-based superalloys are amitregbest refractory alloys for the applicationyety
high temperature [1]. Their high contents in aluammallow them resisting high temperature oxidatigrisolating
the metallic alloy from the aggressive atmospheith & protective continuous alumina scale [2]. bmg cases a
good resistance against corrosion by liquid sultstsufmolten glass for example) is also requireduich case the
alloys must contain at least twenty weight percefitshromium, with as consequence a decrease inahgninum
content to low values. An efficient strengtheningHigh volume fractions of precipitates cannot be achieved in
these conditions and the alloy’s reinforcement niestensured by other particles, primary carbidessf@mple.
These ones are generally chromium carbides [3Esiinccast chromium-rich nickel-based alloys, tamtacarbides
are often much less stable than in cobalt-basegsa[4]. It was seen in a previous work that anotlgpe of MC
carbides, hafnium mono-carbide, is thermally mdeble than tantalum carbides when present in chnontich
cobalt-based alloys [5]. In addition, in a moreemtcwork, it was demonstrated that primary hafniearbides can
be successfully obtained in chromium-rich nickesdud alloys. As in cobalt alloys, during solidificat, the HfC
carbides precipitate in the interdendritic spacethese nickel alloys, as script-like eutectic ¢dels mixed with
matrix [6]. Thus, hafnium, the best known effectdfich is the improvement of the behavior of supeya in high
temperature oxidation [7, 8], in terms of oxidati@be or oxide scales adherence for instancesdsatile to provide
carbides potentially efficient for the mechaniaihforcement of superalloys.

Paradoxically, the hafnium carbides were rarelydus®e mechanically reinforce alloys for high tempera
applications. HfC were however considered, thirdang ago, in cobalt-based hard metals [9] or iectimnally
solidified nickel-based alloys [10] for example.GHvere more used in molybden-based [11] or tungséeed [12]



alloys. The goal was generally to improve the madd& properties of these alloys. This was alsoabjective for
the tensile properties [13] or the creep resistdhdtof (molybden, tungsten)-based alloys, as wslbf (tungsten,
rhenium)-based alloys [15-17]. In contrast it seeha no significant results are available aboet dxidation at
high temperature of alloys containing great frawiof hafnium carbides.

Hafnium is a highly oxidable element. Its preseimcaigh temperature alloys in quantities signifitarnigher
than what is generally added to improve their hatlation behavior, may conversely threaten they&loesistance
to oxidation at high temperature. This is notabletfor uses at very high temperature at whichhilgh thermal
stability of HfC alloys can be better exploited.eThurpose of the present work is to verify thisnpoThe high
temperature oxidation behavior of cast chromiurh-ricckel-based alloys containing significant quiéesi of HfC
carbides has been explored by performing oxidatsts at 1200°C for three alloys of this type.

EXPERIMENTAL

The work started by the elaboration of three Hfiriickel-based alloys containing 25 wt.%Cr, 0.250d0
wt.%C and 3.7 or 5.6wt.%Hf. Two supplementary teyredloys with the same chromium and carbon costardre
also synthesized to allow comparisons with theelioemer alloys in order to better analyze theaftd these high
hafnium quantities on the hot oxidation behavioll. tAe alloys were elaborated by melting pure eletagAlfa
Aesar, purity > 99.9wt.%) in a High Frequency intilore furnace (CELES). Heating, melting, solidificat and
solid state cooling were realized under an inantaaphere of 300mbars pure argon. Five compact-ghiaygets
(weight: about 40 g) were obtained. They were outpfeparing metallographic samples for examinhng as-cast
microstructure, and parallelepiped samples for thermogravimetry tests (about 9 x 9 x 3 MmThe
metallographic samples were embedded in a coles mestture (resin CY230 + hardener HY956, ESCIL).e¥h
were polished with SiC-enriched papers with gradeyimg from 120 to 1200, cleaned by ultrasonic ailans in
water, and polished again with textile enrichedhwiijtm-alumina particles until a mirror-like stataswobtained.
The parallelepiped samples were polished with Sieps (120 to 1200-grit) and their edges and cerm@re
smoothed using 1200-grit paper.

The thermogravimetry samples were oxidized, wittssngain recording, using a SETARAM TGA92 thermo-
balance. The whole thermal cycle was performedrininidustrial air (80%MN — 20%Q). It was composed of a
heating at +20°C/min, an isothermal dwell of 46M200°C and a cooling rate at -5°C/min. The mass files
were first plotted versus time to specify the kineharacter (parabolic or not). The mass gainspeiace unit area
(m) was then plotted versus the square root of fon¢he classical determination of the parabobtiostant k. The
mass gain files were also plotted and exploitedwlting to the {m x dm/dt = k- k, x m} method [18] to take into
account the probable volatilization of chromia irder to avoid underestimating the parabolic corskgnThe
chromia volatilization constant, kvas determined by considering the slope of thealirpart of the {(m x dm/dt)
plotted versus (— m)} graph and the parabolic camtsk, was determined by considering the ordinate abtiggn of
this same linear part.

Post-mortem characterization of the oxidized sammlas done after oxidation test. They were firsinsed
using a simple office scanner to get macrograptistibting the oxide spallation during cooling, audbjected to X-
Ray diffraction (Philips X'Pert Pro diffractometeidr analyzing the natures of the external oxidamaining on
surface. The oxidized samples were thereafter eovby an electrolytic nickel layer for protectingetexternal
oxide from possible damage during cutting. Theyeweut in two parts, embedded in cold resin mixtang
polished to obtain a mirror-like surface, as ddmtiabove for the metallographic samples for asrmasostructure
observation.

All observations were done using a Scanning Eledii@croscope (SEM) JEOL JSM-6010LA in Back Scattlere
Electrons (BSE) mode. The control of the generanulcal compositions of the alloys was realized ba t
metallographic samples with the Energy DispersipacBometry (EDS) apparatus equipping the SEM. Sdrae
device was used for identifying the carbides in ltiks of the as-cast samples and of the oxidizedptes, the
internal oxides in the subsurface, and the exteomale scales. This EDS device was also used tcsuneahe
chromium contents in extreme surface.



RESULTS

The Studied Alloys

The obtained chemical compositions of the studiéays are given in Table 1 (measured by EDS). Thsy
close to the targeted compositions. The deterndndty EDS was not possible for carbon becauseetbiment is
too light and it is present in too low quantitiesthe studied alloys to be successfully analyze@&bg. However,
the obtained volume fractions of carbides showedl tiie targeted carbon contents were certainly sgsfpected in
each of the five alloys.

The as-cast microstructures of the alloys aretithisd by SEM/BSE micrographs in Figure 1. The teimary
alloys are composed of an austenitic dendritic imaimd of chromium carbides present in the intediitic spaces.
These carbides are of the,84 stoichiometry. They are logically more numeroushie 0.50C-containing alloy than
in the 0.25C-containing alloy.

The three Hf-rich alloys are also composed of addéa matrix and of interdendritic carbides. Thetnix is a
solid solution of nickel which contains the wholer@mium, or the main part of the total chromium mfits if the
alloy contains also chromium carbides. In contkfsseems to be absent in matrix, as shown by th8 Ribpoint
measurements. The carbides are present, all imtbelendritic spaces, in higher quantity in th80C-containing
alloys than in the 0.25C-containing ones. Thesbidas are exclusively HfC (clearer than matrix EM3BSE
mode) in the Ni-25Cr-0.25C+Hf and Ni-25Cr-0.50C++&lfoys. This is in accordance with what was wishéd
Hf and C weight contents were defined to have asyntefnium atoms as carbon atoms in these two sallbyy
contrast, HfC are present together with chromiumbidas in the Ni-25Cr-0.50C+Hf alloy which contaimore
carbon atoms than hafnium Hf atoms.

The Thermogravimetry Results

The obtained mass gain curves are given in Figumn2he left for the two alloys containing 0.25.%€ (the
ternary alloy and the first Hf-rich one) and on tight for the three alloys containing 0.50wt.%@8e(iother ternary
alloys and the two last Hf-rich alloy). All the e&s are of the parabolic type, except in the cdgbeoNi-25Cr-
0.50C++Hf, the mass gain kinetic of which seemsb@ng para-linear near the end of the 46 hours.riiass gain
curves of the two ternary alloys are very closetie another. The presence of hafnium in the Ni-ZBZ5C+Hf
alloy obviously led to a mass gain rate reductigrcomparison with the corresponding ternary alloycontrast,
the inverse effect is observed for the Ni-25Cr-@5BIf alloy which oxidized slightly faster than thernary Ni-
25Cr-0.50C alloy. The oxidation rate of the Hf-msh Ni-25Cr-0.50C++Hf alloy is higher than for thie25Cr-
0.50C+Hf, which confirms this effect of hafnium fitre 0.50C-containing alloys.

These mass gain files were all treated to speuiy & linear kvalue (slopes of the straight lines tangent to the
mass gain curves at the beginning of the isothestaaje, Figure 2) and g kalue (classical method). The obtained
values are given in the two first columns of resuit Table 2. There is seemingly no systematicceféé the
presence of hafnium on the value ¢fskice this one is lower for te 0.25C-containingridh alloy than for the
corresponding Ni-25Cr-0.25C alloy while the inverssult is observed between the other alloys (0.&@8out or
with Hf). The same comments can be done aboutl#ssically determined,k/alues.

To take into account the mass loss by chromia Niaktion, and thus to avoid underestimating thessngain by
oxidation and consequently the chromium-consumptidircurves were also treated according to thex{dm/dt =
ko — k, x m} method. In this type of representation (exéangf the Ni-25Cr-0.50C-3.72Hf in Figure 3), aftam
initial part characterized by very high valuestod {m x dm/dt} term (on the right), a linear paetdngated cloud of
points) appears in the graph for lower values oh}-as is to say for higher values of m. The cqemsling values
of real k and of k were red in the equation of the regression sttdiga drawn through the linear part of the graph
(example in Figure 3). Before any comparison anerpretation these values of &nd k need to be preliminarily
verified. For this, they were tested. This stafgddrawing the theoretical curves calculated byhgsither the
values of k classically determined (mass gain plotted verbasstjuare root of time), or the couples of vallkgs (
k,) determined according to the {m x dm/dt 7 k k, x m} method. Thereafter the comparison of these tw
mathematical curves with the experimental curvetetbwith the experimental mass gain values acduioe a
given alloy, allows verifying whether the valuedaibed for k (and of k in the second case) well represent the real
mass gain kinetic or not. Generally the curvestgtbusing the (k k,) couples of constants’ values better fitted the
experimental curves than the curves plotted usitlg the classically determineg, konstant. Indeed, the theoretic
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curve with k and k was generally almost superposed with the expetimhene. Or at least, the end of the theoretic
curve was parallel to the end of the experimentale (example of the Ni-25Cr-0.50C-3.72Hf alloyHigure 4).

The values obtained fop land k determined according to the {m x dm/dt =kk, x m} method are given in the
two last columns of Table 2. The kp values arglalbally twice the classicallpreviously determined for the same
alloys. They follow the same variations as thesitad k: decrease with Hf for the alloys containing 0.26%C
and increase with Hf for the alloys containing Ov@®6C. In contrast, the variation of With the presence of Hf is
the same for the two groups of alloys: the voladiiion constant increases from the ternary alloyhe Hf-
containing alloy and goes on increasing when thedtitent becomes higher.

Characterization of the Oxidized Surfaces

The oxidized samples were scanned on their two rfzaies. The macrographs of one of these two fages a
presented in Figure 5. Obviously spallation ocalidaring cooling essentially for the two ternarkpgs on which,
after return to room temperature, the external eéxtids been lost here and there. This is not the foaghe three
Hf-rich alloys for which the external oxide scaterhed during the oxidation test remained over theles surface.
Hafnium had obviously here the same beneficialotfés usually observed for alloys containing mdassical Hf
contents.

The surfaces of the oxidized samples were alsoestdy] to X-Ray Diffraction. Two examples are givan
Figure 6 for one of the ternary alloys (Ni-25Cr@3 and in Figure 7 for one of the Hf-rich alloydi@5Cr-
0.50C++Hf). All diffractograms showed that the mairide present on the surface of the samples isnuiar
However, for the Hf-rich alloys, HfQoxides were also detected.

The samples were thereafter covered by electrolyiokel, cut, embedded and polished. Despite the
electrolytic nickel coating, cutting the oxidizeainsples provoked the loss of a part of the oxidéglly present on
the external surfaces. However, some oxides remainesurface. Their examination (SEM) and char&zton
(EDS) were thus possible to do on the metallog@ploss-sections (examples in Figure 8). The tgrakoys are
effectively covered by chromia. They classicallyesent a carbide-free zone developed from the adidg/
interface. Chromia was also the main oxide preserthe surface of the Hf-rich alloys but they atsmtained HfQ
oxides. These later oxides are mixed with chromighie external scale for some of them, or presenthée
subsurface as internal oxides. This confirms thaulte obtained by X-Ray Diffraction and given abovde
oxidized Hf-rich alloys present another differemd¢h the ternary alloys: no carbide-free zone depet from the
alloy/oxide interface. In contrast with the chromiwcarbides of the ternary alloys, the HfC carbidé$ not
disappeared in the subsurface; but some of thera {eeally oxidized. To finish one must also notibat more
important internal oxidation seems having startedame locations in the subsurface of the Ni-25660++Hf
alloy.

Characterization of the Bulk Microstructures

The microstructures in the bulk of the Hf-rich gowere also examined. They are illustrated by &
micrographs in Figure 9, in which the initial astanicrostructures are also reminded to facilitatenparisons.
There was seemingly only a slight decrease in sarfeaction of the HfC carbides in the three catesddition
these carbides were slightly fragmented. IndeedHfi@=carbides knew a limited loss of their initgdript-like shape
and only started to be replaced by aligned smalhdoHfC carbides. However these two phenomena have
progressed much slower than for TaC carbides iarahoys (cobalt-based for example) for the sapmitions of
temperature and duration.

DISCUSSION

Equiaxed nickel-based superalloys issued from idas$oundry were seemingly never considered far th
strengthening by hafnium carbides. An efficienbfeicement of such alloys may be though achievethisyway as
this can be expected by looking to the microstmasgiobtained in this work. Indeed, interdendrittapst-like HfC
carbides mixed with matrix were successfully obtdinThis was not initially evident since other ptiike MC
carbides, tantalum carbides TaC, did not precipitatso high quantities in nickel-based alloys §though their
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carbon and tantalum contents were similar to tlilbaraand hafnium contents of the alloys studiec:hiércan be
easily supposed that the mechanical strength &t tieignperature brought by other MC carbides in othestenitic
equiaxed cast alloys (e.g. TaC in cobalt-basedysl[@9]) will result from such microstructures ftrese HfC-
containing nickel-based alloys. But, before studyine mechanical behavior of these alloys at highperature in
hot air it was here verified whether the high Hhtemts necessary to develop a dense interdentifi@ccarbides
network (similar to the TaC network efficiently nédrcing some cobalt-based alloys) remains stithpatible with
sufficient oxidation resistance at high temperature

The answer is that the presence of so high conteritafnium is obviously not without consequencasthese
alloys. Indeed the kinetic was always parabolic tbutvas either accelerated or inversely slowed dothis
depending on the carbon content. This may be exgdiaby the fact that a higher carbon content mag te a better
exposure of the interdendritic carbides to oxidat{direct on surface and oxidation of Hf in theezrtl scale,
inwards diffusion of oxygen penetrating the allbgdorm internal HfQ oxides), with consequently a slightly faster
mass gain in the 0.50 wt.%C case than for the spomding ternary alloys. When the carbon conteftvier Hf
may influence the oxidation rate as it usually aghen it is present in low quantities (decreasexitation rate).
The presence of hafnium obviously influences cheowdlatilization, an effect which is more difficuty interpret.
But one can think in a first time that the preseofthafnium and its oxidation in HfOmay induce a destabilization
of the growing chromia scale. This one may beconoeensensible to a new oxidation into Gr@xide which is
gaseous at such very high temperature.

It is not surprising that the well-known effecttwdfnium (when present in small quantities in suleys) on the
oxide spallation in case of cooling or varying tergiure, was found for the alloys studied in theskw Hafnium
obviously led to a significant improvement of thé¢egnal oxide scale adherence, which can be oft gnéerest in
case of thermal cycling as it can be encounteredahindustrial applications.

To summarize, the presence of 3.7 or 5.6 wt.% b&fiben in the HfC form and with an interdendritigqoaatition
is not neutral for the high temperature oxidatiahdwior of these equiaxed cast chromia-forming elitlased
quaternary alloys. But the changes are not redlyificant for isothermal oxidation at 1200°C i athile there is
in contrast a true improvement for the resistangairst oxide spallation in conditions of cyclingmjgerature.
However it appeared necessary to keep an eye adfttiehest alloy which showed a tendency to aryestart of
linear oxidation, as revealed by the paralinearattar of the mass gain near the end of the isoihlestage (after
about 25 hours, Figure 2) as well as by the sfastgmificant penetrating oxidation (Figure 8).

CONCLUSION

These Hf-rich nickel-based alloys have obviouslgtkihe very good behavior in high temperature cidgaaof
the ternary alloys, thanks to the same high chromiontent (25wt.%) but also to the not harmful eff® which
the presence in so high quantity of the very re@actlement hafnium possibly let think. The high pemature
oxidation behavior was still chromia-forming, a chaer which seems to be not lost soon since thendbm
contents, although decreased during these firshalfs, were still high to ensure the perenity a$ tthromia-
forming behavior. This, with the good volume fractiand morphological behavior of the reinforcingbides, is
favorable to a good sustainability of the high temapure properties of these new alloys. Indeed #reyglobally
oxidation resistant but probably also corrosionstast thanks to their high chromium contents, eregp resistant
thanks to the good stability of the eutectic HfChides at high temperature, a creep-resistancehwhay be better
than for TaC-reinforced cobalt-based alloys for abhthe fragmentation of the TaC was more severesifoilar
duration at the same temperature [20]. In contndtt similar cobalt-based alloys containing alsghhfractions of
HfC carbides but not so resistant against high &atpre oxidation [21], these alloys are thus readye tested at
high temperature, without protective coating, teifyethe later point: notably specifying their reince against
creep deformation.
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TABLE 1. Chemical compositions of the five nickel-basedI(SEM/EDS measurements; +/- 1wt.%)

Elements Cr C Hf
Ni-25Cr-0.25C 25 supposed to be 0.25 /
Ni-25Cr-0.25C 26 supposed to be 0.25 4.4
+ HfC

Ni-25Cr-0.50C 26 supposed to be 0.50 /

Ni-25Cr-0.50C 26 supposed to be 0.50 4.8
+ HfC

Ni-25Cr-0.50C 25 supposed to be 0.50 6.6
++ HfC

TABLE 2. Values of the linear constant kf the parabolic constant knd of the constant chromia volatilization
constant k the two later ones being derived from the m xdtm/f(m) plots.

Constants k(x 10%g/cnt/s) k, (x 10" of cm* s1 k, (x 10%%/cnt/s)
method slope at stage start classic m x dm/dt)f(- m x dm/dt = f(-m)
Ni-25Cr-0.25C 89 24 40 68
Ni-25Cr-0.25C 37 12 36 126
+ HfC
Ni-25Cr-0.50C 25 15 32 93
Ni-25Cr-0.50C 47 20 42 96
+ HfC
Ni-25Cr-0.50C 67 32 68 137
++ HfC
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FIGURE 1. SEM/BSE micrographs of the as-cast microstrustofehe five studied nickel-based alloys
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FIGURE 2. The mass gain curves obtained; one the lefthitwo 0.25C-containing alloys, and on the righé
three 0.50C-containing alloys
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FIGURE 3. Example of treatment of the mass gain resultsraang to the {m x dm/dt = kp —k m} method [18]

(here: Ni-25Cr-0.50C+Hf oxidized at 1200°C)
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FIGURE 4. Example of test of kvalue classically determined and of g, ) couple of values resulting from a
treatment of the mass gain results according tg¢rthe dm/dt = k — k, x m} method [18]; the best fit with the
experimental curve is obtained with thg, (k) curve (better parallelism of the ends of curves)
(here: Ni-25Cr-0.50C+Hf oxidized at 1200°C)
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Ni-25Cr-0.25C+Hf Ni-25Cr-0.50C+Hf Ni-25Cr-0.50C++Hf

1mm

Ni-25Cr-0.25C Ni-25Cr-0.50C

FIGURE 5. Aspects of the oxidized alloys after return tonotemperature, evidencing the spallation phenomeno
which has affected the Hf-free ternary alloys antithe Hf-rich ones

11



INH
T~

Ni-25Cr-0.50C after
oxidation during 46
hours at 1200°C

g,
S
o (Drn
) o
o (o]
(@]
o
G -
Q
s
-
g 1 22dd g
BRI N SIEES
ZOW 30 40 50 -] TO 80 WM\.\W
FIGURE 6. Diffractogram of the Ni-25Cr-0.50C alloy aftert#6f oxidation at 1200°C
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FIGURE 7. Diffractogram of the Ni-25Cr-0.50C alloy aftert16f oxidation at 1200°C
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FIGURE 9. SEM/BSE micrographs of the bulk microstructuréthe Hf-rich alloys
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