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Abstract

The mechanical reinforcement of polycrystallinkoyd at elevated temperature may
be achieved by HfC carbides. Generally such alloyst be also resistant against oxidation
by hot gases and corrosion by molten substancégcriystalline chromiume-rich nickel-based
alloys represent a good solution for answeringdtreguirements about the high temperature
chemical resistance. Unfortunately they tend to rbther mechanically weak at high
temperature compared Yy’ single crystals. In this work a new family of@fs, combining a
chromium-rich nickel-based matrix and an interdégidHfC carbide network, is studied.
Two equiaxed cast alloys were elaborated by claksfoundry and the obtained
microstructures were examined. Two types of highperature properties were characterized
at 1100°C, creep resistance and oxidation kinetic.

The microstructures of the two alloys are compaosed dendritic austenitic matrix and of
script-like eutectic carbides which are recognirede very favorable for high strength at
high temperature. Creep tests proved this poteb&akfit by showing that these alloys are
much more resistant than usual cast polycrystahiickel-based alloys. The base made of
nickel and the 25 wt.% content in chromium allowtading a chromia-forming behavior

leading to good resistance against oxidation inalmot



1. Introduction

The y-reinforced Ni-based single-crystal alloys are edyrstill the best superalloys for
applications at elevated temperatures [1]. Excaptionechanical properties are brought by
their dense population of Pl ideally-sized particles precipitated with crygdgraphic
coherency with the matrix. This efficient precipid@ hardening can be obtained by multistep
heat treatment carried out in ideal conditions kisato the total absence of grain boundaries.
These single-crystals can be solution treated 3t highh temperature to totally dissolve the
undesirable compounds formed during solidificatiang then to optimize the results of the
precipitation treatment [2-8]. These single-crystalloys also exhibit excellent resistance
against oxidation by hot gases and corrosion bytendadulfates thanks to the simultaneous
presence of aluminum and (of rather small) quamtitghromium [9].

However such single-crystal alloys are essent@dlyoted to constitute slender pieces such as
turbine blades and they cannot be solidified witbrencomplex shapes. In the later cases
powder metallurgy (PM) or conventional casting mustconsidered. When high mechanical
resistance is required at temperatures higher 1889°C, the small grains of alloys issued
from PM process [10-15] are not suitable, unlike tbarser grains resulting from casting [16-
21].

Although used rather for disk [22] than for bladgmlycrystalline nickel-based alloys
elaborated by casting may be considered for higipéature under stress [23, 24]. They can
contain high quantities of chromium (instead alwmnm) to resist both oxidation by gases and
corrosion by many types of molten substances. @tierlone is not efficient in all situations
of high temperature corrosion (e.g. contact withtemglasses [25, 26]) and its presence is
not as necessary as gy single-crystals.

Besides precipitation hardening and solid solustrengthening, cast polycrystalline nickel-
based alloys may be reinforced by primary carbidesulting from final eutectic
solidification. The carbides which are often presarcast superalloys are chromium carbides
of the M;C3; or M3Cs types [27-30], to which other elements may alstorge (tungsten,
molybdenum...). These carbides are not stable atteigiperature and they tend to partially,
and sometimes totally, dissolve at temperaturdsigisas 1100°C. This phenomenon is also
encountered in cobalt-based superalloys in which ¢4€bides, notably tantalum carbides
(TaC) [31-34], are more stable. Furthermore, thEa€ carbides obtained in cobalt-based
superalloys present a script-like morphology isstredh their eutectic solidification with

matrix. This shape leads to an efficient interdéimdcohesion and thus to high mechanical



resistance at high temperature. Obtaining TaC dasbin Ni-based alloys was attempted in a
recent study [35], but this was not successfulesithe TaC carbides were, on the contrary,
less stable than chromium carbides in the microgira of such alloys. Other elements such
as titanium an niobium also may lead to the foramatof MC carbides in nickel-based
superalloys [36], but the obtained particles temdie¢generate during long-term exposures at
high temperature [37, 38] and basing the mechaitahgthening of Ni-based superalloys
must involve other MC-former elements.

The reinforcement of cast polycrystalline alloysngsanother type of MC carbides was
recently considered by choosing hafnium insteathtam. This element, which is much more
known for its beneficial effect for high temperauoxidation [39-42], notably in thermal
cycling, was added to chromium-rich nickel-baselyal in which it strongly favors the
precipitation of primary HfC carbides instead chinom carbides [43]. Exposures at 1200°C
applied to the obtained alloys [44] demonstrated these carbides were much more stable at
high temperature than chromium carbides in nickiglys, and even more than the TaC
carbides present in some cobalt-based superalldhyes.oxidation behavior at 1200°C of the
obtained alloys was rather good [45] but, unfortalya their creep resistance was
catastrophic at this temperature [46]. These previstudies showed that HfC-reinforced
nickel-based alloys may be used at 1200°C but seate of applied stress.

Thinking that the poor mechanical resistance at0i20is may be due more to the weak
nickel base of the alloys than to a lack of reioémnent by the HfC carbides, it was decided to
mechanically characterize one of the alloys atwelaemperature, 1100°C. This one is still a
service temperature for whiclry single-crystalline nickel-based superalloys awd get
suitable because of a significant dissolution efrtheinforcing intermetallic precipitates.

In this work, two chromium nickel-based superallogmforced partly or exclusively by HfC
carbides, elaborated by conventional casting wensidered for the study of their properties
at 1100°C. They were subjected to 3-points flexuraep test under 20 MPa and their
behavior in oxidation was verified at 1100°C byrthegravimetry tests and post-mortem

characterization of the oxidized samples.

2. Materials design

The two alloys considered in this work were elabeiaby targeting the following
compositions: Ni(bal.)-25Cr-0.50C-3.7Hf and Ni(p&l5Cr-0.50C-5.6Hf (all contents in
weight percent). Their were elaborated by foundoyrf pure elements (all from Alfa Aesar,

purity > 99.9 wt.%). Fusion and solidification weaehieved in the water-cooled copper
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crucible of a High Frequency Induction furnace (E&5), under an inert atmosphere of pure
Ar (about 300 mbars). The two solidified ingots igeng about 40g) were cut after total
cooling and exit from the furnace. This was doing by using a Buelher Delta Abrasimet
cutter for obtaining two halves of each compacbingn a second step, for better accuracy,
this was a Buelher IsoMet 5000 precision saw wiek used.

A Hf-free ternary alloy with the same contents inaid C was added to the study in order to
specify the effect of the presence of hafnium oa txidation behavior of the two Hf-
containing alloys. This additional alloy was elated and machined in the same conditions
as for the two first ones. The names and the tadgelhemical compositions of the two Hf-
containing alloys (NiHf2-1 and NiHf2-2) and of thernary alloy added for comparison
(NiHf2), are given in Table 1.

3. Experimental procedure

Three types of samples were prepared: compact fonése metallographic characterization
of the microstructures of the as-cast alloys, edb@d parallelepipeds for performing creep
bending tests, and square-based parallelepipediseaxidation tests in thermo-balance.

The first ones were embedded in a cold resin mex{@SCIL: CY230 resin and HY956
hardener), then ground with 250 to 1200-grit Si@gva. After ultrasonic cleaning in water,
they were polished with textile enriched with 1pizes hard particles for obtaining a mirror-
like state. The second ones, whose dimensions ivene (thickness) x 2mm (width) x 15mm
(length), were accurately cut, before being polishéth papers up to 1200-grit with final
strips in the length direction. These paralleleggyehomogeneous thickness and width
(tolerance: £0.01 mm, controlled using an electroraliper), were visually inspected, and
thereafter thoroughly examined by microscopy (@bdtend/or electronic) to be sure that no
defects able to weaken the samples were preseatthiid samples were prepared to perform
high temperature oxidation tests, with dimensiohabmut 8mm x 8mm x 3mm. They were
polished all around with 1200-grit SiC papers vathoothing of their edges and corners.

After embedding and polishing the metallographimgles were observed using a Scanning
Electron Microscope (SEM, type: JEOL JSM6010LA).s@lvations were done under an
accelerating voltage of 20kV and in the Back ScatteElectrons (BSE) mode. The different
applied magnifications were x125, 250, 500 and 1d®@ obtained chemical compositions
were measured on the as-cast samples using the\EDespersive Spectrometry (EDS)

device attached to the SEM. The different phasee sgecified by EDS spot analyses.



The surface fractions of the different types ofbodes present in the as-cast microstructures
of the alloys were measured on SEM/BSE microgréyphssing the image analysis tool of the
Photoshop CS software of Adobe.

Indentations were carried out for the three allagysroom temperature using a Testwell
apparatus, to measure their Vickers hardness.dh ease ten indentations were performed

under a 10kg load; an average value and a stadeardtion one were calculated.

The two Hf-containing alloys were submitted to hegdests at 1100°C under constant load,
according to the symmetrical three point flexurathod. A high temperature dilatometer
(SETARAM, TMA92-16.18) modified to allow 3-pointéekural testing (alumina equipment
supplied by SETARAM) was used in each case. Bats t@ere done under pure argon. The
space between the two bottom supports was 12 mnthenchaximal possible deformation
was about 1.4 mm (height of these supports). Tae Veas applied to the sample by the upper
support. This induced a 20MPa tensile stress imtiaelle of the bottom side of the sample.
Its value was accurately calculated for each satmpl@aking into account the exact values of
their thickness and width. The principle of thisttas well as the relationship between the
geometrical dimensions, the wished maximal terséiless and the load to apply, are reminded
together in Figure 3. The load was progressivelyliap at room temperature, until reaching
the targeted value. Sample and supports were thated at a constant rate of 20°C thin
before the isothermal stage. This one was moressrlbng, depending on the behavior of the
tested sample. The downward vertical displacemgttieoupper support was recorded every
36 seconds during the whole experiment. At thedrtie experiment a cooling was applied
at a rate of -20°C mih

The three alloys were tested in oxidation at higimgerature using a SETARAM TG-92
thermo-balance. Each sample was exposed to synttisti air 80%N-20%Q, during 46
hours at 1100°C after a heating at 20°C ‘hi#t the end of the isothermal stage the external
cooling was realized at -5°C min X-ray diffraction (XRD) runs were carried out to
characterize the oxides scales. The oxidized sawpéze thereafter covered by a thin gold
coating, then by a thick nickel coating (2 hoursanfelectrolytic deposition in a 50°C-heated
Watt’s bath under a 0.02A ¢frdensity of current This was realized in order tectmnically
protect the oxide scales during cutting. The coatadized samples were cut, embedded with

cold resin and polished until obtaining a mirrdelistate. They were examined using the



SEM in BSE mode. The sub-surfaces and the oxidesasere subjected to spot EDS
analysis (identification and concentration profileshe Cr-depleted zone).

4. Results and Discussion

4.1. Microstructure and hardness prior to the hidn temperature tests
The as-cast microstructures of the two Hf-contajratloys are illustrated in Figure 1 and
Figure 2 by SEM/BSE micrographs taken at two maggiiions: x250 for general view and
x1000 for more details about the geometry of thbidas. They can be compared to the ones
of the NiHf2 (reference alloy, classical dendriiatrix with interdendritic chromium
carbides) presented in Figure 3. The two alloyscareposed of a dendritic matrix and of
interdendritic carbides (surface fractions presgintelable 2, together with the result for the
reference NiHf2 alloy). In the NiHf2-1 alloy, whosemposition is Ni(bal.)-25Cr-0.50C-
3.7Hf, in wt.%), the carbides are mainly hafniumbodes but some chromium carbides are
also present. In contrast only HfC carbides areentin the NiHf2-2 alloy (Ni-25Cr-0.50C-
5.6Hf, in wt.%). Their fraction is equal to twideet ones of the previous alloy.
Vickers indentations carried out with a load of @ the alloys led to 224+9 for NiHf2-1
and 2434 for NiHf2-2 (both harder than NiHf2: 2D+

4.2.  Creep behavior

When subjected to three points bending test at X100nder constant load (principle
reminded in Figure 4), these alloys show a ratlv@dgesistance against creep deformation.
Indeed, for a central load inducing a tensile sti&s20MPa in the middle of the bottom side
of the parallelepiped samples, the deformationthefNiHf2-1 and NiHf2-2 alloys are very
slow (about 0.6 and 1.6 um‘hespectively, in the secondary creep stage). Hferahation
curves of the NiHf2-1 and NiHf2-2 alloys are pre®ehin Figure 5 and Figure 6 respectively.
Figure 7 shows the NiHf2-2 sample after a 200 howesp test, by a macrograph showing its
global creep deformation and a micrograph illustcatthe microstructure and the surface

damaged state where the 20MPa stress were appteamgcks).

4.3 Oxidation behavior - kinetic analysis
The thermogravimetry curves obtained for the twechbifitaining alloys at 1100°C during 46

hours in dry synthetic air are plotted in the grgpbsented in Figure 8, with the one obtained
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for the Hf-free one for comparison (mass gain pefage unit area, noted m (g/cm?), versus
time). As frequently observed for chromium-rich ketbased alloys the kinetic is parabolic
for each of the three studied alloys, without amyps in mass gain due to oxide detachment
from substrate. They are quite regular and the mass achieved after 46 hours are typical
of a chromia-forming behavior. This is the reasdry\whe three files were analyzed according
to the {mxdm/dt = Kp - Kv x m} method [47] whichlals the simultaneous determination
of the parabolic constant Kp and of the volatiliaat constant Kv, with as important
consequence no underestimation of the parabolistanh An example of such numerical
treatment is given in Figure 9. Additionally, sinttee mass gain is often linear at the early
beginning of the isothermal stage, a value of timear constant Kl is determined by
calculating the slope of the short initial lineaasa gain.

The obtained values for the three constants arengiv Table 3. The linear constant Kl has
the same value for the NiHf2 and NiHf2-2 alloysqab20 x 16 g cni® s*) while the NiHf2-

1 alloy led to half this value. When classicallyaetenined (by plotting the mass gain versus
the square root of time), the NiHf2-1 alloy seem®xidize very slowly (Kp only of about 1

x 10*% o cm* s%), by considering the rather high temperature eftést. The Hf-free NiHf2
alloy presents a Kp value equal to four times thidf&1. The fastest oxidation was the one
of the NiHf2-2 alloy, with a Kp value equal to twithe NiHf2 one.

Plotting the mxdm/dt quantity versus —m allows detaing the Kp constant (ordinate at the
origin) and the Kv one (slope of the straight lin€pncerning the parabolic constant, the
order remains globally the same between the thitegsabut all the Kp values are greater
than the previous values classically determinedoreef Indeed, at 1100°C, chromia
volatilization takes place and the determinatiorthef real Kp constants necessitates to take
the linear mass loss rate into account. Obvioukky,chromia volatilization rate Kv depends
on the Hf content: the lowest value is the onenefiif-free ternary alloy, and the highest one
is the one of the NiHf2-2 one. These values welevaidated by plotting mathematical
curves using these Kp and Kv values and by comgatire obtained curves to the
experimental ones (Figure 10). Comparisons shohaiihe determined {Kp, Kv} couples of
values led to model curves (“KpcorrKv”) which wétted the experimental mass gain curves
(“exp mass gain”) much more the model curves plbotteth the classically determined Kp

values (“classic Kp”).



4.4  Oxidation behavior - post mortem characterizaon
The oxidized samples have more or less lost thdereal oxide scales, as illustrated by
photographs presented in Figure 11 (obtained witkinaple office scanner). The Hf-
containing NiHfC2-1 and NiHfC2-2 alloys have kepimast their scales while oxide
spallation occurred during the cooling of the HEdrNiHf2 alloy. XRD runs (Figure 12) were
thus performed to specify the natures of the oxmlesent in these scales and it appears that
chromia was in all cases the main oxide presethersurfaces of the three oxidized samples.
However the presence of nickel oxide and of th@edpoxide NiCyO, was detected in all
cases while the HfQoxide was present in the scales of the two oxaildEcontaining alloys.
Cross-sections were prepared for SEM/BSE obsenat(&igure 13). The examinations
confirm the results of the XRD runs. They also wllseeing that the subsurface of the Hf-
containing alloys are only a little damaged by aioh. If the chromium carbides have
disappeared over a more or less deep part of ke fabm the oxide/alloy interface (NiHf2
and NiHf2-1 alloys) the population of HfC carbidesiot changed in the NiHf2-1 and NiHf2-
2 alloys, neither in the subsurface, nor in thekb@ihe Cr contents remained still high in the
alloy very close to the interface, as shown by $fido6 analyses whose results are given in
Table 3. They are especially high for the two Hfaining alloys (more than 22 wt.%). In
contrast, Hf is almost absent in the matrix.

4.5. Discussion

The two nickel-based alloys of this study were wibhvith a dendritic austenitic matrix and
an interdendritic network of carbides mainly congéd of eutectic script-like HfC. This was
obviously successful since many HfC carbides dffelst appeared during solidification, and
furthermore they remained stable during a longestatgl 100°C. Neither their volume fraction
nor their morphology evolved significantly in thelk of the samples during the 46 hours
spent at 1100°C, and even during the 200 hourst giehis same high temperature for the
creep-test samples. Thus, in contrast with tantatarbides (TaC) which are less stable than
chromium carbides in Cr-rich nickel-based [32] ydipHf leads to carbides as stable in such
alloys as in Cr-rich cobalt-based [41] and irondzhalloys [42].

Usually, the existence of a carbide network in thetalloy whose matrix hardness is rather
low (as here for nickel-based ones), may inducenarease in hardness for the whole alloy,
as soon as this carbide network is at least e ttihtinuous. This is the case here for the three
alloys (chromium carbides and/or HfC network). tidiion the increase amplitude in alloy

hardness tends to be higher for a higher hardrfeébe @arbides. Here, the presence of these
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primary interdendritic HfC carbides first led tccrease in hardness by comparison with the
two alloys which contain chromium carbides. Thia b& due to the higher intrinsic hardness
of the HfC carbides (2913Hy, [43]) by comparison the chromium carbides in gah&650
Hvsog for CrsCs, 1336 Hwog for Cr,Cs or 1350 Hygg for CrC; [43]), but also to the special
morphology and the greater volume fraction whichremebtained with hafnium carbides, in
the NiHf2-1 and NiHf2-2 alloys, than with the chrium carbides in the NiHf2 one.

Although hardened by the HfC carbides the alloys still easy to machine at ambient
temperature. These hardness values let expectitegesting creep resistance. This is
effectively what was obtained for the two NiHf2-idaHf2-2 alloys the behaviors of which
were very good in 3 points flexural creep at 12005Can induced maximal tensile stress of
20MPa. The observed creep behaviors were muchr libtte what can be usually expected
for equi-axed nickel-based alloys simply strengdteby carbides (alloys disadvantaged by
regards to single-crystal Ni-based superalloyscieffitly reinforced by dense gamma prime
precipitation).

The behaviors in oxidation at 1100°C of the thriémya are all chromia-forming, as shown by
the post-mortem characterization of the oxidizesh@as which showed that chromia is the
predominant oxide present. It is true that the gmes of other oxides was noticed (e.g. by
XRD) but their fractions were obviously significnlower than the chromia one. Essentially
constituted of chromia the external scale was ta&sisgainst the growth compressive stresses
which usually develop during the thickening of thecale, which inhibits all
unsticking/detachment from the alloy surface. Tghenomenon of unsticking from substrate
is, in addition, elsewhere obstructed by the “peggieffect of hafnium (also known with
yttrium) in the case of the two Hf-containing alloiiHf2-1 and NiHf2-2. This is the reason
of the very parabolic general shape of the thregsngain curves.

Second, this predominance of chromia in term obglanass of oxide, its continuity and its
direct exposure to hot air (continuous externalegcalowed applying the {mxdm/dt = Kp -
Kv x m} method [47] to determine the parabolic dam$ Kp (without underestimation) and
linear Kv constant which characterizes the voladiiion rate of chromia. The obtained values
of Kp and Kv values are all in the usual rangesaities typical of chromia growth and of
chromia re-oxidation in volatile CeDrespectively. The chromia-forming behavior, ohe t
one hand suggested by the values of Kp and Kv anth® other hand proved by the post-
mortem characterization of the samples, guarardegsod resistance of the alloys against

high temperature oxidation. Furthermore, the valfeshromium contents in alloy close to



the extreme surface are still high, indicating ttias chromia-forming behavior is not yet
threatened.

However one must mention that, even if all alloysrevchromia-forming, the oxidation
kinetics differed from one another. In addition, dymparing to one another the mass gain
curves obtained with the two HfC-reinforced all@sd second these curves with the one of
the reference Hf-free alloy, it appears that theneo monotonous evolution of the oxidation
kinetics versus the Hf content. Indeed the NiHfZlloy, which contains 3.7 wt.%Hf,
oxidized slower than the reference Hf-free NiHf2o0wlwhile the NiHf2-2 alloy, which
contains 5.6 wt.%HTf oxidized faster than the Hefreference alloy. Small additions in Hf in
superalloys, whatever their basis (Ni, Co Fe ariemtand their elaboration procedure
(casting, powder metallurgy and others) are welbvkm as being beneficial for the high
temperature oxidation behavior: around 1 wt.% é&ilfefh 2 wt.%) in the whole chemical
composition of the alloy slows down the isothermdtation rate and improves the resistance
against spallation; for higher amounts the preseft@afnium is less known and it is possible
that these additional wt.% in Hf either promote newprovement in the oxidation behavior
or, in contrast, induce a general deteriorationtdugetoo high content in a so reactive element
as Hf. Here we saw first that Hf content until abné wt.% allows keeping a beneficial effect
(NiHf2-1); in contrast, for more than 5 wt.% Hf waéscovered in the present work that the
influence has become detrimental. This can be @idaas follows: the NiHf2-1 alloy
benefits from the presence of Hf (usual effect) haitt suffering from the possible
obstruction, by too many interdendritic HfC, of t@e diffusion towards the oxidation front.
Furthermore NiHfC2-1 contains significant quaniitychromium carbides which are known
as being Cr reservoirs ideally located in the oheadritic spaces which are widely recognized
to be efficient diffusion paths for chromium. Inntrast, in the case of the NiHf2-2 alloy,
almost no chromium carbides are present in thedatalritic spaces and, instead, there are
supplementary HfC carbides which act as local eesrior Cr diffusion. This causes the
development and maintenance of a chromia layeriwisiof not so good quality in terms of
compactness, porosities and defects... Consequemdydiffusion, through the external
chromia scale, of the species involved in the dioetiaphenomenon is not so limited and the
oxide growth is thus faster.

Nevertheless, the oxidation rates are all rathaw $br this temperature so high as 1100°C
and the possible deterioration of the high tempeeabxidation resistance (case of the HfC-

richest alloy) does not threaten the interest f tlew family of HfC-reinforced alloys which
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obviously offers high creep resistance at a temperat which even the mechanical strength

of theyly single crystal alloys can be rather low.

5. Conclusions

Thus, choosing Hf, not for its beneficial effect thie high temperature oxidation behavior of
alloys, but for obtaining an interdendritic netwook script MC-carbides mixed with the
periphery of the matrix dendrites, allows not oobtaining oxidation-resistant Cr-rich nickel-
based alloys, but also presenting remarkable aesptance. This was here demonstrated for
service at 1100°C, temperature at whichyhgrecipitates of Ni-based single crystals can be
totally dissolved. Thus, although still simple (pfibur elements in their composition), these
alloys are maybe able to be employed in concurrevitte these Ni-based single-crystals at
1100°C in some cases. Furthermore, their high abmtechromium should give them good
resistance against corrosion by molten substarscaméien glasses. Additional developments
are probably required to optimize them for suchlgoly defining more sophisticated
chemical compositions (e.g. solid solution streegthg) and by applying precipitation heat-
treatments (e.g. hardening by secondary carbideshcerning the creep phenomena this
work opens possibilities for future deeper invedimns for interpreting the differences in
creep behavior, and finding the reasons of thaquéaily interesting properties of these HfC-
strengthened alloys. Among the suggested outloaies @an think carrying out thorough
examinations of the deformed zones of the samplesder to understand the differences in
mechanisms of deformation and, if any, the onesegomng the crack initiation and
propagation (fractography high magnification SEM/{&®lary Electrons observations,
Transmission Electron Microscopy observations alatiations and characterization of the
characteristics of the final Franck network...). Spkattention can be brought to the
importance of keeping the script-like shape of ME carbides on long times at high

temperature, to totally explain the superiority4€ on other MC carbides such as TaC.
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List of the Tables

Table 1. Names and chemical compositions of the three alloys studied in this work
(all contents in weight.%)

elements Cr C( expected) Hf

NiHf2 25 0.5 /
NiHf2-1 25 0.5 3.7
NiHf2-2 25 0.5 5.6

Table 2. Surface fractions of carbides in the three as-cast alloys studied in this work
(average and standard deviation values from three x1000 SEM/BSE micrographs)

Surf.% Hafnium carbides Chromium carbides
NiHf2 / 5.0+1.2

NiHf2-1 4.7 £+0.6 2.6 +0.3

NiHf2-2 6.9 £0.2 0.310.1

Table 3. Values of the constants describing the oxidation kinetics of the three studied alloys at

1100°C
Constants K Ko K,
(x 108 gem™s™) (x 10 g>cm™s™) (x 10" gem™?s™)
Alloys slope at stage classic m x dm/dt = f(-m) | m x dm/dt = f(-m)
start

NiHf2 19.8 5.50 10.5 46.3

NiHf2-1 104 1.32 7.84 101

NiHf2-2 20.6 10.6 34.8 150




Table 4. Values of contents in Cr and Hf in alloy at the oxide/substrate interface for the three studied

alloys
Elements in extreme Average Std deviation wt.%Hf
surface
wt.%Cr wt.%Cr range
NiHf2 18.1 1.0 /
NiHf2-1 23.1 0.2 0-0.82
NiHf2-2 223 0.2 0-1.47
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HfC matrix Cr carbides
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Fig. 2. As-cast microstructure of the NiHf2-2 alloy (SEM/BSE micrographs)
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Ni-25Cr-0.5C as-cast

matrix Cr carbides

BEC 20kV WD11mm SS63 x1,000 10um  —
Ni-25Cr-0.5C as-cast

Fig. 3. As-cast microstructure of the reference NiHf2 alloy (SEM/BSE micrographs)
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Fig. 4. Scheme reminding the principle of 3-points
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flexural tests, average dimensions of the

parallelepiped samples and formula allowing the load determination to obtain the targeted
value of the local maximal tensile stress
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Fig. 5. Three-points flexural creep deformation curve obtained for the NiHfC2-1 alloy at

1100°C for 20MPa of resulting tensile stress; general view of the deformed sample
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Fig. 6. Three-points flexural creep deformation curve obtained for the NiHfC2-2 alloy at
1100°C for 20MPa of resulting tensile stress; general view of the deformed sample
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BEC 20kV WD10mm SS58 x250
Ni-25Cr-0.5C-5.56Hf 20MPa 1100C

Fig. 7. General view of the deformed NiHf2-1 and NiHf2-2 samples; local microstructure of
the deformed NiHf2-2 and surface state of the part of this sample which was the most
solicited by tensile stress (20MPa) (middle bottom side of the deformed parallelepiped)
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Fig. 8. Mass gain curves obtained during the thermogravimetric oxidation tests of the three
alloys at 1100°C dry in air
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Fig. 9. Example of determination of the k;, and k, oxidation constants according to the
{mxdm/dt = K, - K, x m} method;

here, for the NiHf2-2 alloy: K, = 34.8 x 10 g cm™ s and K, = 150 x 10° g cm™ s*
Y

27



=
o

=
I

=
N

[N

NiHf2 46h 1100°C
exp mass gain

“ —classic Kp

o
o

mass gain (mg/cm?)
o
o]

0.4 - —Kpcorr Kv
0.2 //
) S
0 50 100 150 200
0.8
os B _

\s

mass gain (mg/cm?)
© o ¢
w ES

NiHf2-1 46h 1100°C
. \ exp mass gain
/ /\ —classic Kp
0.2 + / —Kpcorr Kv
0.1 /
0 ‘ T ‘ )
0 50 100 150 200
time (ks)
25
2
‘:EJ /
15
E
£ NiHf2-2 46h 1100°C
3 1 exp mass gain
%] .
g —classic Kp
—Kpcorr Kv
0.5
0 T T T T 1
0 50 100 150 200
time (ks)

Fig. 10. Comparison between the mathematical curves plotted from the determined values
of the K, constant, classically determined or determined according to the {mxdm/dt = K, - K,
x m} method, and the K, constant, and the experimental mass gain curve, for the three alloys

NiHf2 (A), NiHf2-1 (B) and NiHf2-2 (C)
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Fig. 11. Comparison of surface states between the oxidized Hf-free alloy (NiHf2 (A): oxide
spallation) and of one of the two oxidized Hf-containing alloys (NiHf2-1 (B): no spallation)
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Fig. 12. X-ray diffractograms obtained on the oxidized surfaces of the three alloys, NiHf2 (A),
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Fig. 13. Cross-sectional view of the oxidized surface and subsurface of the NiHf2 (top), NiHf2-
1 (middle) and NiHf2-2 (bottom) alloys (SEM/BSE micrographs)
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