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Abstract

:

Two alloys based on nickel and designed to be reinforced by MC carbides thanks to the presence of Hf and Ta were produced by casting. They were subjected to 50 h-long isothermal exposure at 1250 °C in synthetic air with thermogravimetric monitoring of the oxidation progress. In the as-cast state, they contain both significant quantities of (Hf,Ta)C carbides. Their verified melting start temperatures, close to 1300 °C, allowed performing the planned oxidation test. The two alloys demonstrated a chromia-forming behavior with limited mass gain rates. However, they also showed a rather low resistance to oxide spallation at cooling, which is in proportion with the Ta/Hf ratio. After 50 h at 1250 °C, the morphology of the carbides had significantly evolved, from their initial script-like shape to a fragmented and coalesced state. The results are promising, but the use of these alloys at 1250 °C needs further improvements on the mechanical level.
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1. Introduction


Some processes involving particularly high temperatures (1200 °C and more) have a critical need of metallic alloys able first to resist oxidation and mechanical stresses at these temperatures, and second to be shaped for obtaining geometrically complex hot pieces. This is a problematic factor which can be encountered, for example, in the glass industry where some particular glass compositions, which can to very high melting points, are required to work in very hot conditions. Superalloys may represent solutions: complex shaping possible by solidification (contrarily to refractory alloys based on W, Mo and even Nb) and capacity to be resistant enough in service, mechanically and chemically.



The superalloys which are the most suitable are certainly the Ni-based ones which are too rich in aluminum to be particularly resistant against high temperature creep, thanks to gamma prime precipitation [1], as well as against hot oxidation, thanks to the development of external alumina scales [2]. For the concerned particular uses (e.g., shaping of molten glasses), chromium may to be preferred for resisting hot corrosion. The problem is that, while this element must be present at high contents, the concerned Ni-based superalloys cannot be efficiently reinforced by gamma prime precipitates. Fortunately, there are other metallurgical ways potentially exploitable to meet these needs: nickel bases associated to high chromium contents for efficiently developing a very protective oxide barrier of chromia (fast Cr diffusion in nickel) and structural strengthening by particles other than γ’: carbides. Primary MC-type carbides are particularly interesting for cast superalloys since they are rather stable at elevated temperatures in term of morphology and volume fraction. This is true for TaC, certainly the most popular MC carbide, but other MC, particularly stable at high elevated temperatures, can be more efficient for alloy mechanical reinforcement in hot conditions. This is the case for HfC. Used for several decades in some alloys based on refractory metals (such tungsten [3]), hafnium monocarbides may be currently found in ceramics [4,5] and high temperature composites [6,7]. Recently used as efficient reinforcing particles in nickel-based superalloys [8], HfC must be present in high quantities to lead to an interesting creep resistance [9], and this may lead to high production costs if such alloys must be produced at an industrial scale. Instead, basing creep resistance on MC carbides involving exclusively Hf, mixing Hf and another MC-former element may lead to interesting results. Tantalum may be an interesting element to do that. For instance, carbides involving Hf and Ta simultaneously were earlier considered for ceramic coatings [10,11]. Thus, a potentially very interesting technical-economical solution for industrial geometrically complex tools destined to work at 1200 °C and higher in conditions of oxidation and applied stresses may be cast chromium-rich nickel-based superalloys containing MC carbides involving Hf and Ta together.



In the present work, this new metallurgical principle of superalloys was explored by the mean of two compositions of nickel-based alloys, which were designed to obtain chromia-forming alloys reinforced by MC carbides in which Hf and Ta co-exist. The objective was to observe the microstructures that one can obtain by classical casting and determine how these microstructures may behave at elevated temperatures, for anticipating the possibly resulting creep resistance. Since the oxidation resistance is also of importance, thermogravimetric tests were, thus, performed to get oxidation data about mass gain kinetic and surface phenomena as well as data concerning the microstructure evolution in bulk. For the study of their oxidation resistance and their microstructure behavior, we chose to fix the investigations temperature to 1250 °C. This value globally represents the maximal reasonable temperature level which can be imagined for using polycrystalline alloys based on nickel and, in addition, this is the highest limit for the hottest zones in the concerned industrial processes, such as glass forming ones.




2. Materials and Methods


2.1. Design of the Alloys


The chemical compositions chosen for the two alloys obeyed the following criteria:




	
− Based on nickel instead of cobalt or iron for favoring a good oxidation behavior;



	
− More than 20 wt.%Cr for the same reason as above;



	
− Around 0.5 wt.%C for obtaining an interdendritic carbide network dense enough for an efficient mechanical reinforcement but not interconnected to preserve good toughness and ductility;



	
− Amounts in Ta and Hf to obtain molar fractions in MC-former metals rated to the chosen C one.








The choice was, finally, (wt.%): Ni(bal.) –25Cr–0.4C–6M with M = 2/3 Ta and 1/3 Hf for one alloy (named “T alloy”) or M = 2/3 Hf and 1/3 Ta for the second alloy (named “H alloy”). This supposes the introduction of hafnium with unusually high concentrations (2 and 4 wt.% Hf), compared to other Ni-based superalloys [12,13], nickel aluminides [14], single crystals [15], Nb-based refractory alloys [16,17] or HEAs (High Entropy Alloys) [18,19,20].




2.2. Syntheses of the Alloys


The two alloys resulted from the melting of pure elements (Alfa Aesar, purity > 99.9%) in a high frequency induction furnace (CELES, France). Heating was achieved until total melting by increasing the input voltage up to 5 kV, for a frequency of about 100 kHz. To avoid oxidation of the most reactive elements as well as any risk of vaporization, the internal atmosphere was composed of 400 mbars of pure argon. After chemical homogenization in the liquid state at about 1600 °C for 5 min, helped by the induced electromagnetic stirring, cooling and solidification and cooling controlled by the decrease in voltage. Two ovoid ingots, weighing 40 g, were obtained. They were cut in several parts using a Buelher metallographic saw.




2.3. Chemical and Metallographic Control of the Obtained Alloys


For each alloy, a part was embedded in resin, ground (SiC papers from #240 to #1200), long rinsed and polished (textile disk with 1 µm hard particles). This led to a metallographic sample with a mirror-like state ready to observe with microscope.



The microstructures were examined with a Scanning Electron Microscope JEOL JSM 6010LA (tungsten filament, 20 kV, Back Scattered Electrons mode) at different magnifications. The chemical compositions were estimated using the Energy Dispersion Spectrometer attached to the electron microscope.




2.4. Measurement of the Melting Temperatures


Prior to exposure to 1250 °C—a particularly high temperature for cast Ni-based superalloys reinforced by eutectic carbides—Differential Thermal Analysis was carried out to verify that both alloys were solid at this temperature. A double thermal cycle was successively applied to a 2 × 2 × 6 mm3 parallelepiped placed in a small alumina crucible. The first one was to re-melt and homogenize the alloys, and the second one to determine the temperatures of solid → liquid and liquid → solid transformations. Each cycle was composed of a +20 °C min−1 heating up to 1200 °C, +5°C min−1 from 1200 to 1500 °C, a −5 °C min−1 cooling down to 1200 °C and a −20 °C min−1 down to ambient temperature.




2.5. Exposures to High Temperature


For each alloy a parallelepiped, with dimensions equal to 3 × 3 × 10 mm3 and with faces ground/edges and corners smoothed, by polishing, was suspended in a device made of alumina-sheathed platinum wires, in the hot zone of the resistive furnace of a thermobalance (TGA92, SETARAM, Caluire-et-Cuire, France). The applied thermal cycle was composed of a heating at +20 °C min−1 up to 1250 °C, followed by a 50 h-long isothermal stage at this maximal temperature, and of a cooling at −5 °C min−1 down to ambient temperature. The sample was exposed to a continuous 1.5 L h−1 flow of dry synthetic air (80%N2–20%O2) the entire time. This test was applied for one sample per alloy.




2.6. Determination of the Kinetic Constants


The isothermal mass gain curves were plotted to have a look to their shapes. In case of parabolic shape demonstrating that oxidation may obey the Wagner’s law, the parabolic and chromia volatilization constants were determined, according to the procedure described in an earlier work [21]. The heating and cooling parts of the mass variation curves plotted according to the {mass variation versus temperature} scheme, which allowed, additionally, analyzing the start of oxidation and the possible oxide spallation, respectively [22]. This was done after having corrected the mass gain files from the mass variations artificially induced by the air buoyancy variations, using a method described and used in [22].




2.7. Oxides Analysis Prior to Cutting


The oxidized alloys were carefully removed from the alumina-sheathed platinum suspension and subjected to X-Ray Diffraction (D8 Advance, BRUKER, USA) to identify the oxides formed externally (and also internally close to the surface) that remained on the surface after returning to room temperature and handling.



An extra-thin gold layer, deposited using a cathodic pulverization device (JFC-1200, JEOL, Japan), allowed obtaining oxidized surfaces that were electrolytically conductive. These ones were observed with an electron microscope in Secondary Electrons mode. Afterwards, the oxidized samples were covered all around with a metallic shell formed by electrolytic deposition of nickel in a Watt’s bath heated at 50 °C (1.6 A/dm2 for 2 h).




2.8. Oxides and Alloys Analysis after Cutting and Metallographic Preparation


Protected by a nickel shell, the oxidized samples were sectioned, again using the Buelher metallographic saw. The two halves were embedded in resin (ESCIL resin and hardener), ground (SiC papers from 240 grit to 1200 grit), ultrasonically washed and rinsed and polished with a rotating textile disk supporting hard particles (granulometry: 1 µm). The obtained mirror-like metallographic samples were thereafter subjected to cross-sectional observation of the external and internal oxides, in Back Scattered Electrons mode. Energy Dispersion Spectrometry spot analyses were performed to specify the oxides natures and the chemical composition in the most external part of the alloys. The bulk microstructures were also observed and chemically analyzed to characterize the consequences of the exposure at 1250 °C.





3. Results and Discussion


3.1. Characteristics of the Obtained Alloys


Examination of the two alloys showed outward evidence of complete melting. Cross-sectional examination did not show any unmelted regions. The embedded, ground and polished as-cast samples were then first observed and analyzed using the scanning electron microscope (SEM) in back scattered electrons mode (BSE) and its energy dispersive spectrometer (EDS).



The microstructures of the two alloys are illustrated in Figure 1, with, for each of them, a ×250 BSE image for a general view accompanied by a ×1000 BSE one for better seeing the different phased and particles. On the general one, it can be seen that the matrixes of both alloys are dendritic and seemingly free of other possible pre-eutectic particles. In addition to the matrix, other phases are present, interdendritically. Obviously, the T alloy contains two other phases than matrix, a white one and a black one, at a lower quantity than the brighter one. In contrast, the H alloy only contains the white phase. The ×1000 images allow identifying the white phase as being probably one of the two components of a eutectic compound since it is closely imbricated with the outermost parts of the matrix dendrites. Moreover, the script-like shape of these particles suggests MC carbides. For both alloys, the spot EDS analyses performed on the coarsest particles of the metallographic sample surface evidenced high concentrations in Hf, Ta and C in the white phase and high concentrations in Cr and C in the black ones, demonstrating that they are carbides of hafnium and tantalum simultaneously and chromium carbides, respectively. More precisely, it seems that the atomic Hf and Ta contents in the white carbides present in the as-cast T alloy are similar to one another, and that their sum is similar to the carbon content. The composition of the white carbides present in the as-cast H alloy is different: the Hf contents in this phase is twice that of Ta. The black carbides present in the T alloy only contains two times more chromium than carbon: they are obviously Cr7C3 carbides.



Concerning the matrix, its chemical composition is not the same for the two alloys. The T alloy’s matrix contains 0.5 wt.%Cr less than the H alloy’s one (25.2 against 25.7 wt.%Cr), but its Ta content is two times higher than the H alloy matrix (3.5 against 1.7 wt.%Ta). It must be also noted that, in both cases, Hf is totally absent from the matrix.



The general chemical compositions of both alloys were, of course, also controlled. They are displayed in Table 1. The chromium contents are well respected (very close to the targeted ones). This is not really the case of the Ta and Hf elements, the contents of which are in excess by comparison to what was introduced. Taking into account that the masses obtained for the ingots were exactly the same as the total mass of all the elements introduced in the crucible of the furnace, and taking also into account the very high melting points of Hf and Ta (in comparison with those of nickel and chromium) as well as their much higher sensitivity to oxidation (by the oxygen traces necessarily present in the pure argon), it is clear that the contents in Hf and Ta are also well respected, despite their contents being curiously higher than desired. The overestimation of these heavy strong carbide-forming elements is classical when they are present in a dense carbides network emerging on the mirror-like surface. Concerning carbon, even though it is analyzable by EDS in coarse carbides, the content of this light element in a low carbon metallic alloy cannot be specified. By considering the rather dense carbide networks which were obtained, one can guess that its content is also well respected.



Concerning the chemical compositions of the matrixes of these two alloys in their as-cast states (spot analyses, Table 1), one can see that the Ta content in the T alloy’s matrix is twice the one in the H alloy matrix, showing almost the same ratio as for the whole alloys (the T alloy contains two times more Ta than the H alloy). It is noticeable that Hf is totally absent from the matrix; consequently, it is only present as carbides. The carbides were more difficult to analyze because of their small sizes. However, spot analyses carried out on the coarsest ones existing in the samples allowed observing that the MC carbides present in the T alloy were almost exclusively of the TaxHfxC type (with x = 0.5), while the ones present in the H alloy were TayHfzC (with y = 0.3 and z = 0.7). It appears too that the chromium carbides additionally present in the T alloy are Cr7C3.



To summarize, the two alloys were, thus, successfully obtained by the applied casting procedure and they seem to be potentially efficiently reinforced by carbides, which are present in great quantities, mixed with the periphery of the dendrites of matrix. A first difference between the microstructures of the two alloys is that more Hf and less Ta—for a same total quantity—seems to further promote the MC carbides while excluding chromium carbides. The composition of the MC carbides also seems to be governed by the Hf/Ta ratio, as well as the chemical composition of the matrix (particularly its Ta content). Hf appears as a stronger carbide-former than tantalum. It tends to impose itself as the priority metal in carbide and tantalum must be shared between the remaining place available in the carbide phase and the matrix solid solution (in which Hf does not enter, obviously). The presence of the little quantity of chromium carbides in the T alloy is responsible of a slightly lower Cr content in the matrix. However, these chromium carbides are much less present (and MC carbides much more present) than in an earlier studied Ni-based alloy with similar composition except the absence of hafnium (Ni(bal.)–30Cr–0.4C–6Ta) [23], which contained more Cr7C3 carbides than TaC carbides: the MC-promoting effect of hafnium, visible here between the two alloys of the present work, also induced the MC enrichment of the T alloy by comparison to this Hf-free older alloy.




3.2. Preliminary Thermal Analysis of the Two Alloys


Before performing the oxidation tests at 1250 °C differential thermal analysis (DTA) runs were carried out on samples coming from the two ingots. The high temperature parts of the DTA curves are plotted in Figure 2 for the T alloy, and in Figure 3 for the H alloy. The melting of the T alloy (Figure 2) was achieved with three steps (three endothermic peaks in the orange heating curve), while only two exothermic peaks appeared on the green cooling curve. Similar features are encountered for the DTA curve of the H alloy, except that the first endothermic peak is very discrete and enlarged. As usually observed, the peaks observed in the heating part and the ones observed in the cooling parts for the inverse alloy transformations are staggered from one another, due to the delay of nucleation of the new phases (particularly for the start of solidification).



One can guess that the first endothermic peak (evident for the T alloy, almost invisible for the H alloy) corresponds to the melting of the {matrix and Cr7C3}-eutectic. The second one and the third one certainly correspond to the melting of the {matrix and MC}-eutectic and the pre-eutectic matrix. Concerning the exothermic peaks observed in the cooling parts of the DTA curves, the first one corresponds to the crystallization of the matrix dendrites and the second one to the two eutectics obviously precipitating more or less simultaneously. The sharpness of the first exothermic reaction evidences a possible difficult nucleation of the matrix.



All the temperatures of start and end of melting and solidification that can be deduced from the exploitation of the two DTA curves are displayed in Table 2. In this table, an estimation of the solidus and liquidus temperature is done from these measured temperatures. Logically, none of the two alloys melt at a temperature lower than 1250 °C and the planned oxidation/HT exposure tests ought to be driven without risk of melting of the alloys. However, the solidus temperatures are not much higher than 1250 °C, and it can be feared that these alloys are not really suitable for service at this temperature when significantly intense stresses are applied.




3.3. Oxidation Tests: Mass Variation Kinetics


Plotting the isothermal mass gain versus time (Figure 4) shows that the two alloys certainly developed a protective chromia scale. First, the two kinetics are globally parabolic, and thus, show that the oxidation rate is controlled by the diffusion of species through a continuous oxide scale. Second, by observing that the mass gains achieved after 50 h are rather moderate taking into account the exceptionally high temperature level, one can guess that this oxide scale is composed of chromia essentially. One can observe that the mass gain curve for the T alloy rises less frankly than for the H alloy. Consequently, one can suspect a faster linear mass loss by chromia volatilization for the first alloy. In any case, one can say that these two curves—only one per alloy as we must remind—suggest that the oxidation kinetic is of the parabolic type for both alloys. One can also notice the absence of any jumps in the mass gain curves, which would reveal unsticking of the external oxide scales under the effect of growth compressive stresses. This is rather remarkable since such phenomenon tends to be favored by thick scales, as what one can expect at such high temperatures.



The exploitation of these curves led to the values of the different types of kinetic constants which are displayed in Table 3. One can first notice that the linear kinetic constant Kl, which describes the oxidation speed at the beginning of the isothermal stage and which is estimated as the slope of the tangent to the start of the isothermal oxidation mass gain curve, is globally the same for the two alloys. Its value—80 × 10−8 g/cm2/s— is logically comprised between the two Kl values earlier determined for a chromia-forming Ni-30Cr alloy at 1200 °C (30 × 10−8 g/cm2/s) and at 1300 °C (125 × 10−8 g/cm2/s) [21]. This is the same for the parabolic constant if this one is classically determined from the slope of the {mass gain versus square root of time}-plot: 80 × 10−12 g2/cm4/s for both alloys, comprising the two Kp values earlier determined classically for a chromia-forming Ni-30Cr alloy at 1200 °C [21]. Note that the real values of Kp and the ones of Kv issued for this Ni-30Cr alloy from the {m × dm/dt = f(m)}-plot (m representing the mass gain per surface unit area) were Kp = 67 × 10−12 g2/cm4/s at 1200 °C and 245 × 10−12 g2/cm4/s at 1300 °C [21]. Here, at 1250 °C, with 174 × 10−12 g2/cm4/s for the T alloy and 87 × 10−12 g2/cm4/s for the H alloy, one can see that all the results are consistent, but also that the H alloy seems to oxidize slower than the T alloy and even than the Ni-30Cr alloy for an equivalent temperature. A look at the volatilization constants of the alloys of this study shows that the results are consistent for the T alloy and the Ni-30Cr alloy, since the values obtained for at 1250 °C for the T alloy (224 × 10−10 g/cm2/s) is between the Kv values 157 × 10−10 g/cm2/s (1200 °C) and 276 × 10−10 g/cm2/s (1300 °C). In contrast, the volatilization rate of the H alloy (27 × 10−10 g/cm2/s) appears to be remarkably low in comparison with the two other alloys.



By plotting the mass gain, no longer versus time but versus temperature, one can access additional information concerning oxidation [22]. Preliminarily, it is compulsory to correct the values from the air buoyancy variation, which can be done as described in an earlier work [22]. This type of plotting allows first observing how oxidation started during heating. The enlargement of the high temperature part of the heating mass gain curves shows that the H alloy started oxidizing sooner than the T alloy (Figure 5), when the temperature was still just below 800 °C, while mass gain detection was effective 140 °C higher for the T alloy (Table 4). Consequently, the mass gain achieved for the H alloy was greater than for the T alloy when the stage temperature was reached (430 against 350 µg/cm2). In contrast, the transient oxidation rate was sensibly the same for the two alloys (almost 1 µg/cm2/s), close to the values of Kl in Table 3.



The last exploitation of the mass variation files concerns the cooling part. By plotting the mass variation versus temperature when temperature decreases after the end of the isothermal stage, one can detect the possible loss of the oxide scale part by the observation of mass loss (Figure 6). For both alloys, cooling from 1250 °C is accompanied, when done for the first time, by the absence of variation of the mass of the oxidized sample, since the measures were corrected from air buoyancy variation. However, after about 400 °C of cooling of the T alloy and more than 500 °C of cooling of the H alloy, mass losses start manifesting. The mass change shows step-wise decreases, indicating significant spallation of the outer oxide was occurring. This spallation phenomenon also occurred for the H alloy, but much more regularly and with much more limited losses. Consequently, the total mass variation all along the total thermal cycle was negative and with a much greater amplitude for the T alloy than for the H alloy (Table 5). Obviously, the resistance of the T alloy against oxide spallation at cooling T alloy was catastrophic while the H alloy resisted much better to this phenomenon.



Thus, the kinetic behaviors of the two alloys in oxidation at 1250 °C are globally good, but contrasted when the alloys are compared to one another. An important point is that they both clearly behave as chromia-forming alloys, which will be confirmed in the next paragraph. This results in isothermal oxidation rates which are rather slow, taking into account the very high temperature of the test. However, it seems that the conditions of re-oxidation of chromia in gaseous CrO3 are not the same between the two alloys. The Hf-richest one seems to be less affected by the volatilization of chromia than the other alloy. This is maybe a consequence of the higher presence of Hf in the H alloy—an element particularly susceptible to oxidation—the oxidation of which may bring a mass contribution which does not allow the used treatment method [21] to correctly determine the two constants, Kp and Kv. Hf surely plays a particular role in the reactivity of the alloy, as shown, for example, on the heating part of the thermogravimetric curve. Indeed, one can see a start of detectable mass gain significantly earlier for the H alloy than for the T alloy, which is maybe due to the more direct exposure of Hf to hot air (more present in and exclusive to carbides). The fact that the Hf-containing alloy was rich in carbides which emerged on the surface facilitated its oxidation, even at medium temperatures during the heating. In contrast, as soon as chromia developed (mainly during the isothermal stage), the differences between the two alloys were smoothed. However, the initial oxidation of hafnium during heating may have generated oxides which had an influence on chromia volatilization.



The hafnium oxides very likely played a major role during the cooling, by favoring the adherence of chromia on the alloy surface, which resulted in a much better oxide spallation behavior of the H alloy. The resistance of the T alloy against oxide spallation was clearly worse; however, it was better than the one of the Hf-free Ni–30Cr–0.4C–6Ta alloy earlier studied [24], for which the development of the sub-surfacic CrTaO4 oxide between the chromia and alloy suppressed the adhesion of the scale on the substrate. Here, the addition of 2 wt.%Hf (T alloy) allowed a limited inhibition of this scale spallation, and the addition of another 2 wt.%Hf (H alloy) significantly improved the scale adherence further. To finish with this point, the reader is reminded that a Ta-free Ni–25Cr–0.5C–6Hf alloy retained its chromia external scale after almost 50 h at 1200 °C, cooled at the same rate as in this study [25].




3.4. Oxidation Tests: Characterization of the Oxidized States


The X-ray diffraction runs (XRD) led to the spectra presented in Figure 7 for the T alloy and in Figure 8 for the H alloy. The spectrum acquired on the oxidized surface of the T alloy (Figure 7) did not show the presence of chromia, obviously totally lost as illustrated by the images obtained using the scanning electron microscope (SEM) in secondary electrons mode (SE) in Figure 9. The single oxide shown by the XRD peaks is the mixed oxide of chromium and tantalum (CrTaO4). In contrast, chromia was still significantly present on the surface of the oxidized H alloy (Figure 8), and one can also notice the presence of NiCr2O4 spinel oxide. This is consistent with the SE micrographs taken with the SEM on the oxidized surface of the H alloy in Figure 9.



After cross-sectional preparation, the two oxidized alloys were observed with the SEM in BSE mode (Figure 10). The external oxides were difficult to observe since cutting, grinding and polishing have obviously induced the loss of many parts of the external scales in the case of the H alloy (these oxides have been lost earlier for the T alloy, during cooling). The two alloys are obviously affected by oxidation over a depth of about 150 µm from the extreme surface. In this zone, it seems that the initial carbides have disappeared and that small carbides seem having precipitated in the same location thereafter. This dissolution–re-precipitation seems to have been more intense in the subsurface of the T alloy than in the H alloy. Close to the extreme surface, complex oxides of Cr, Hf and Ta are present in the two alloys, as seen by EDS spot analysis. The X-maps presented in Figure 11 for the T alloy and in Figure 12 for the H alloy illustrate this description.



Concentration profiles were acquired across these sub-surfacic zones affected by oxidation. Two examples of the obtained profiles are presented in Figure 13, one per alloy. One can see that these zones, which are microstructurally affected by oxidation, coincide with the chromium-depleted zones visible in the concentration profiles. Indeed, the depths of chromium depletion are approximately 150 µm too. In addition, these zones are slightly depleted in tantalum. An important point is that the chromium on the extreme surface is still high, by 20 wt.%Cr. The chromia-forming behavior is not threatened by this limited impoverishment in chromium.



The difference of oxide spallation behavior was, thus, confirmed by the metallographic characterization of the oxidized samples. The XRD runs and SEM/SE observations showed that chromia had spalled from the surface of the T alloy while it remained partially over the H alloy. The presence of many CrTaO4 oxides close to the outer surface of the T alloy and the absence of this oxide in the case of the H alloy may explain this difference of behavior, as it may also explain the difference in spallation behavior between a Hf-free Ni–30Cr–0.4C–6Ta alloy (total spallation) [24] and a Ta-free Ni–25Cr–0.5C–6Ta alloy (no spallation) [25]. Cross-sectional observations also revealed the presence of mixed oxides involving hafnium in the two alloys, with about the same amount. In fact, one can suspect that the Ta in excess in the T alloy, in comparison to the H alloy, was more mobile and diffused more to the oxidation front to form a surface scale of Ta and Cr, deteriorating more of the {oxide scale on substrate} adhesion. In the case of the H alloy, the outer formation of oxide rich in Ta and Cr is much more limited. This explanation (less surface CrTaO4 oxides and more subsurface (Cr, Ta, Hf) oxides) can be at the origin of the better resistance of the H alloy to scale spallation than the one of the T alloy, rather than being a pegging effect of hafnium oxides on the chromia layer.




3.5. Oxidation Tests: Evolution of the Microstructures in the Bulk


As illustrated in Figure 14, exposure at 1250 °C over 50 h led to significant consequences on the microstructures in zones far enough from surface to not be influenced by oxidation. The chromium carbides have coalesced and coarsened in the T alloy to become blocky particles. The MC carbides in both alloys have suffered fragmentation. However, the degree of the morphologic degradation of the MC carbides is comparable to the one of the HfC carbides in the Ni–25Cr–0.5C–6Hf alloy after almost 50 h at 1200 °C [8], and thus, it is not catastrophic.



Beside these morphologic changes—certainly disadvantaging the mechanical resistance—the volume fractions are thermodynamically stabilized at 1250 °C after this long isothermal exposure. The homogenized matrix composition can be estimated by EDS spot analyses (Table 6) and the differences between the Hf and Ta contents in alloy and the contents in Hf and Ta in measured in the matrix can be exploited to estimate the volume fractions of the MC carbides. After conversion using the volume masses of matrix (average with chromium carbides if any; about 9 g/cm3) and of the MC carbides (13 g/cm3), one can obtain the corresponding volume fractions. All these values are displayed in Table 7. One can see that the volume fractions of the MC carbides are greater in the H alloy than in the T alloy. In both cases, they are seemingly still significant for producing significant strengthening; however, it is unfortunately also clear that the loss of their initial morphology risks being detrimental for maintaining good mechanical performance. However, this progressive mechanical weakening during service that can be induced by the morphological evolution of the MC carbides may be less of a problem for applications such as glass forming processes, for which moderate stresses result from operation, as compared to producing turbine disks or blades, for which stresses may sometimes reach high levels.





4. Conclusions


Despite the more or less extended partial replacement of Hf by Ta by comparison with an alloy containing Hf exclusively, and therefore, reinforced by HfC carbides, the two alloys studied in this work showed honorable behaviors in refractoriness, oxidation resistance and microstructural stability. Necessarily less expensive than alloys containing exclusively HfC carbides, these alloys containing a similar interdendritic carbide network but made of (Hf,Ta)C, are potentially able to demonstrate good properties at elevated temperatures (under moderate stresses). Their resistance to creep deformation at 1250 °C will be investigated soon, to complete the studies recently carried out at 1100 °C, which showed an interesting creep resistance. These quinary alloys can be the point of departure of the development of more complex alloys, for example benefiting additional solid solution strengthening (e.g., the addition of tungsten or rhenium).
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Figure 1. As-cast microstructures of the two alloys just after their elaboration by high frequency induction melting and solidification (left: T alloy, right: H alloy, top: general view at ×250, bottom: detailed view at ×1000, bottom right corners: more detailed views at ×2000). 
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Figure 2. Differential thermal analysis (DTA) curve obtained for the T alloy. 
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Figure 3. DTA curve obtained for the H alloy. 
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Figure 4. The two {m vs. T}-plotted isothermal mass gain curves obtained for the two alloys. 
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Figure 5. The two {m vs. t}-plotted curves of mass gain at heating for the two alloys. 
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Figure 6. The two {m vs. t}-plotted curves of mass variation at cooling for the two alloys. 
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Figure 7. XRD spectrum obtained on the oxidized surface of the T alloy (blue peaks: Ni-based matrix, red peaks: CrTaO4). 
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Figure 8. XRD spectrum obtained on the oxidized surface of the H alloy (green peaks: Ni-based matrix, blue peaks: NiCr2O4 spinel oxide, red peaks: Cr2O3). 
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Figure 9. Aspects of the oxidized surfaces of the two alloys (left: T alloy, right: H alloy, top: general view, bottom: detailed view). 
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Figure 10. Cross-sectional observation of the surfaces and sub-surfaces affected by oxidation for the two alloys (left: T alloy, right: H alloy, top: general view, bottom: detailed view). 
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Figure 11. X-maps showing the elemental repartition in the subsurface of the oxidized T alloy. 
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Figure 12. X-maps showing the elemental repartition in the subsurface of the oxidized H alloy. 
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Figure 13. Concentration profiles acquired from the external surface into the alloy (left: T alloy, right: H alloy). 
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Figure 14. Microstructures in the bulk after exposure at 1250 °C for 50 h (left: T alloy, right: H alloy, top: general view, bottom: detailed view). 
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Table 1. Chemical compositions of the two as-cast alloys (wt.%, SEM/EDS; five ×250 full frame analyses, that is to say about 5 × 600 µm2) and of their matrixes (wt.%, SEM/EDS; five spot analyses).
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WHOLE ALLOY




	
Elements:

	
Wt.%

	
Cr

	
Ta

	
Hf




	
T alloy

	
Average

	
25.78

	
6.20

	
3.53




	
Standard deviation

	
0.46

	
0.63

	
0.49




	
H alloy

	
Average

	
24.83

	
3.67

	
7.62




	
Standard deviation

	
0.47

	
0.28

	
0.58




	
MATRIX ONLY




	
Elements:

	
Wt.%

	
Cr

	
Ta

	
Hf




	
T alloy

	
Average

	
25.19

	
3.51

	
0.00




	
Standard deviation

	
0.31

	
0.43

	
0.00




	
H alloy

	
Average

	
25.68

	
1.72

	
0.22




	
Standard deviation

	
0.31

	
0.06

	
0.19
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Table 2. Temperatures of start and end of melting and solidification (DTA at +5 and −5 K min−1); estimation of the solidus and liquidus temperatures for the two alloys.
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	HEATING Curve
	T Alloy
	H Alloy



	Melting start at:
	1308 °C
	1291 °C



	Melting end at:
	1378 °C
	1371 °C



	COOLING Curve
	T Alloy
	H Alloy



	Solidification start at:
	1317 °C
	1346 °C



	Solidification end at:
	1284 °C
	1279 °C



	Mushy Zone Limites
	T Alloy
	H Alloy



	Liquidus estimation:
	1348 °C
	1359 °C



	Solidus estimation:
	1296 °C
	1285 °C
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Table 3. Temperatures of start and end of melting and solidification (DTA at +5 and −5 K min−1); estimation of the solidus and liquidus temperatures for the two alloys.
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	ISOTHERMAL Stage (1250 °C)
	T Alloy
	H Alloy





	Initial linear mass gain rate Kl
	75 × 10−8 g/cm2/s
	83 × 10−8 g/cm2/s



	Classical parabolic constant Kp
	80 × 10−12 g2/cm4/s
	78 × 10−12 g2/cm4/s



	Chromia volatilization—corrected Kp: Kpcorr volat
	174 × 10−12 g2/cm4/s
	87 × 10−12 g2/cm4/s



	Chromia volatilization constant Kv
	224 × 10−10 g/cm2/s
	27 × 10−10 g/cm2/s



	Mass gain at isoth. stage end
	5.2 mg/cm2
	5.0 mg/cm2
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Table 4. Values of various parameters characterizing the oxidation during heating for the two alloys.
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	HEATING from Room Temperature to 1250 °C
	T Alloy
	H Alloy





	T oxidation start @ heating
	938 °C
	792 °C



	Mass gain @ heating end
	346 µg/cm2
	428 µg/cm2



	Mass gain instantaneous rate when reaching the isothermal stage
	0.86 µg/cm2/s
	0.97 µg/cm2/s



	Activation energy of linear rate (end of heating)
	237 kJ/mol
	195 kJ/mol
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Table 5. Values of various parameters characterizing the spallation behavior during cooling for the two alloys.
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	COOLING from 1250 °C to Room Temperature
	T Alloy
	H Alloy





	T oxide spallation start @ cooling
	826 °C
	666 °C



	Whole cycle total mass variation
	−12.5 mg/cm2
	−1.5 mg/cm2
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Table 6. Chemical composition of the matrixes of the two alloys after exposure at 1250 °C for 50 h.
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Elements:

	
Wt.%

	
Cr

	
Ta

	
Hf






	
T alloy

	
Average

	
25.41

	
2.48

	
0.00




	
Standard deviation

	
0.49

	
0.32

	
0.00




	
H alloy

	
Average

	
26.50

	
1.00

	
0.21




	
Standard deviation

	
0.35

	
0.29

	
0.23
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Table 7. Mass and volume fractions of the MC carbides in the two alloys after exposure at 1250 °C for 50 h.
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	ALLOYS
	Mass.% MC

(min)
	Mass.% MC

(average)
	Mass.% MC

(max)
	Vol.% MC

(min)
	Vol.% MC

(average)
	Vol.% MC

(max)





	T alloy
	3.52
	3.86
	4.19
	2.49
	2.69
	2.92



	H alloy
	4.63
	5.17
	5.70
	3.23
	3.61
	3.99
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