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Abstract 

The oxidation behavior and microstructural evolution of M–20Cr–20Ta (M: Ni, Fe, Co) alloys are 

investigated at 1000°C and 1200°C in Ar–20 vol.% O2. High-temperature oxidation results in growth of 

bi-layered oxide scales, featuring an outer Cr₂O₃ layer and an inner Cr–Ta oxide layer. The Cr–Ta oxide 

layer consists of two distinct phases: CrTaO₄ and CrTa₂O₆. Significant improvements in oxidation 

resistance are found for Co and Fe alloys, in consequence of formation of the Cr–Ta oxides. At 1200°C, 

oxidation kinetics approach a cubic growth law after an initial transient stage, underscoring the 

exceptional protective capabilities of the Cr–Ta oxides.  
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1. Introduction 

Tantalum (Ta) is a refractory metal known for its exceptionally high melting point of 2996°C and 

excellent ductility. Its ability to tolerate interstitial elements (for instance O and N) makes it an 

appealing choice for application as an alloying element in various alloys. A substantial portion of Ta 

consumed is utilized as a high-temperature strengthening additive in superalloys [1]. Despite ongoing 

debate, alloying with Ta has also been frequently reported to enhance the high-temperature oxidation 

resistance of various types of alloys such as TiAl [2,3], Ni or Co-based (super)alloys [4–7], and Nb–Si-

based alloys [8]. For instance, high-temperature oxidation studies on Ni-10Cr alloys show that Ta 

additions (5 at.%) are particularly beneficial to oxidation resistance in contrast to alloying elements 

such as tungsten (W), molybdenum (Mo), titanium (Ti), or niobium (Nb) [6]. Ta has positive effects in 

both isothermal and cyclic oxidation tests, with oxide scales remaining adherent regardless of cycling 

frequency. Wang et al. report that small addition of Ta (0.5 and 1 wt.%) effectively inhibits NiO 

formation and reduces the oxidation rate of Ni-16Cr alloys at 1000°C [7]. The beneficial effect of Ta 

alloying has been attributed to factors such as reduced oxygen solubility within the alloy matrix [3], 

hindered outward diffusion of cations [4,6], and/or diminished vacancy concentrations in the oxide 

scale [2,8].  

 

The oxidation behavior of alloys with high Ta concentration has rarely been reported so far. One 

exception represents Refractory High Entropy Alloys (RHEA) that often contain significant amounts of 

Ta [9,10]. Some RHEA exhibit high oxidation resistance resulting from the formation of complex CrTaO₄-

based oxide [11–14]. In the following, key findings of previous work are summarized, highlighting the 

benefits (+) and drawbacks (-) of this complex oxide: 

+ Generally higher thermodynamic stability of CrTaO4 with ΔG0= -535kJ/molO2 in comparison 

to Cr2O3 with ΔG0 = -505 kJ/mol at 1200°C [12]; 

+ Actually forms in a wide temperature range [11]; 

+ Growth rate lies between chromia and alumina [11]; 

+ Excellent adherence of oxide layers to the metallic substrate [11]; 

+ High solubility of other elements, such as Ti without deterioration of protective properties 

[12]; 

+ Inward growth by oxygen diffusion, implicating that break-away oxidation as a result of Cr 

depletion cannot be expected [12,15]; 
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- Permeable for oxygen and nitrogen, resulting in pronounced internal oxidation and 

nitridation, respectively [13,15]. 

 

Commercial Cr2O3-forming high Cr-containing (~15 at.% and above) Fe-, Ni-, and Co-based alloys have 

been widely used in various high-temperature environments [16]. However, their functionality is 

significantly challenged at temperatures exceeding 900°C due to the diminished protective properties 

of the Cr₂O₃ scale, characterized by its accelerated growth rate, increased volatility, and susceptibility 

to breakdown [17–19]. Alloying with Ta to promote the growth of CrTaO₄-based oxides in these alloys 

offer a promising approach to enhance their high-temperature oxidation resistance and presumably 

mechanical properties. For instance, Ren et al. reported the improved oxidation resistance of 

directionally solidified Ni-based alloy by the formation of a continuous CrTaO4 scale [20]. The idea to 

protect Co-based alloys by CrTaO4 was realized only recently [21]. In the so far published literature, 

following relevant properties of CrTaO4 were reported [22,23]: 

a) The thermal expansion coefficient (TEC) is 6.3x10-6 K-1 which is identical to that of pure Ta;  

b) High thermal stability with no structure transformation in the temperature range between 

25°C and 1200°C; the melting point is1830 ± 20°C; 

c) In terms of the mechanical properties, CrTaO4 belongs to damage tolerant ceramic; 

d) The thermal conductivity (k=0.66 W∙m-1∙K-1 at 1000 °C) is much lower than that of currently 

well-known thermal barrier materials, e.g., yttria stabilized zirconia. 

 

Despite these promising findings, the available research on the properties of CrTaO₄ remains limited, 

with most high-temperature oxidation studies focusing on the addition of Ta in small concentrations. 

Moreover, a comprehensive comparative study on the effects of Ta alloying across different alloy 

systems is still lacking. This study investigates the impact of high Ta addition on the phase formation, 

microstructure, and high-temperature oxidation behavior of traditional high Cr-containing alloys. 

Three ternary model alloys, Ni–20Cr–20Ta, Fe–20Cr–20Ta, and Co–20Cr–20Ta (at.%), were prepared 

to explore the effects of Ta at a concentration comparable to CrTaO₄-forming TaMoCrTiAl RHEA [19], 

aiming at promoting growth of the CrTaO₄ layer. The alloy constitution and microstructure were 

analysed before oxidation through a combination of experimental techniques and thermodynamic 

calculations. To eliminate the effects of nitrogen and better elucidate the scale growth mechanisms, 

oxidation tests were conducted in Ar–20 vol.% O2 atmosphere at 1000°C and 1200°C. The evolution of 
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alloy microstructure, oxidation kinetics and growth mechanisms of oxide scales are thoroughly 

analyzed and discussed, drawing from microstructural examinations, thermogravimetric analysis, and 

detailed investigations of the oxide scale compositions. Understanding the microstructural evolution 

and oxidation behavior of these ternary alloys will provide valuable insights into the design and 

development of new Ta-containing high-temperature alloys capable of withstanding extreme oxidative 

environments. 

 

2. Experimental procedures 

The three ternary alloys, denoted as Ni20Cr20Ta, Fe20Cr20Ta, and Co20Cr20Ta hereinafter, were 

prepared using arc melting (Edmund Bühler GmbH) under an argon atmosphere of 0.6 atm. High-purity 

elemental pellets (≥99.9% purity) were used as raw materials. To ensure alloy homogeneity, the 

prepared buttons were inverted and remelted at least five times in a water-cooled copper mold. 

Subsequently, the alloys were homogenized at 1200°C for 24 hours in a flowing argon atmosphere 

using a high-temperature furnace (Nabertherm GmbH) with heating and cooling rates of 100 °C/h. This 

homogenization process aimed to dissolve the dendritic microstructure and establish a near-

equilibrium microstructure representative of operating conditions. Coupons with approximate 

dimensions of 5 × 5 × 2 mm were sectioned from the homogenized buttons and then ground with SiC 

paper up to 2500 grit. Ultrasonic cleaning in ethanol was performed prior to high-temperature 

oxidation testing to remove surface contaminants. 

 

Isothermal oxidation tests were conducted using a NETZSCH STA 449 F3 Jupiter simultaneous thermal 

analyser (STA) at 1000°C and 1200°C in an Ar–20 vol.% O2 environment for 24 h. In the case of 

Fe20Cr20Ta, further oxidation tests were performed at 1000°C for 12 and 48 h using the same facility. 

Samples were heated in a flowing argon atmosphere from room temperature to the desired test 

temperature at a heating rate of 25 K/min. Upon reaching the target temperature, the system was 

stabilized for a period of 10 min to ensure uniform temperature distribution. Subsequently, an Ar–20 

vol.% O2 gas mixture with a flow rate of 100 ml/min was introduced into the reaction chamber to 

initiate oxidation. After the specified exposure time, the Ar–20 vol.% O2 flow was terminated, and the 

samples cooled down to room temperature in a flowing argon atmosphere. The mass change of each 

specimen during the experiment was continuously monitored using the integrated balance in the STA 

equipment. 
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X-ray diffraction (XRD) using a Seifert PAD II diffractometer was employed to determine the phase 

composition of the alloys in their as-received state and after oxidation. A classical Bragg-Brentano 

geometry (θ-2θ) with a step size of 0.01° and a scan speed of 1°/min was utilized, employing Cu Kα1 

radiation (λ = 0.15406 nm). Scanning electron microscopy (SEM, Philips XL30S and JEOL JSM6400) 

equipped with energy-dispersive X-ray spectroscopy (EDX) was used to examine the surface 

morphology, cross-sectional structure, and chemical composition of both the unoxidized and oxidized 

samples. The specimens were embedded in epoxy resin, followed by polishing with SiC paper and 

diamond suspensions to prepare cross-sections for investigation. The total oxide scale thickness and 

individual sublayer thicknesses of the oxidized alloys were quantified using backscattered electron (BSE) 

cross-sectional images analysed with ImageJ software. The average values and standard deviations 

were calculated based on measurements from at least three images taken at different positions for 

each sample. 

 

3. Results  

3.1 Microstructure and phase constitution  

Fig.1 presents the microstructure and phase constitution of the three alloys after homogenization at 

1200°C as identified by SEM and XRD, respectively. All three alloys exhibit a dual-phase structure, 

characterized by a phase with relatively high-volume fraction, appearing brighter in SEM images 

(marked as Phase A), and another minor phase (marked as Phase B). The bright Phase A appears as 

the matrix, whereas Phase B is found primarily at the boundaries of the Phase A domains. The average 

chemical composition and composition of individual phases measured by EDX are shown in Table 1. 

The volume fractions of individual phase, estimated using ImageJ software, are also included. In all 

three alloys, the bright A phases are rich in Ta, while the dark B phases contain higher Cr concentrations.  

To better understand the phase equilibria of the corresponding systems, the temperature-dependent 

volume fractions of different phases were calculated using Thermo-Calc with TCFE7 database. The 

results are presented in Fig. 2. The calculations predict the formation of a liquid phase and a BCC solid 

solution (SS) phase of Ni20Cr20Ta at 1200°C, which solidifies into BCC and FCC solid solution phases at 

slightly lower temperatures. The Fe- and Co-based alloys primarily consist of C14 Laves phase and to a 

lesser extent of Fe or Co solid solution phases, respectively, at 1200°C. The experimentally observed 

phase constitutions and their volume fractions are in excellent agreement with the thermodynamic 

calculations at 1200°C (except for Ni20Cr20Ta), as shown in Table 1 and Fig. 2. The phase constitution 

observed at room temperature for Ni20Cr20Ta reflects the solidification of the liquid phase upon 
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cooling. This aligns well with the calculated results at slightly lower temperatures (~1100°C), where 

the two solid solution phases, Niss and Crss, are stable, as shown in Fig. 2. However, it should be noted 

that thermodynamic calculations exhibit some uncertainty in predicting the liquidus temperature of 

this alloy, as the alloy button retains its shape and displays no evident signs of melting after thermal 

homogenization at 1200°C (i.e. an underestimation of the liquidus temperature). A significant amount 

of Ta is dissolved in the Niss phase, whereas the Crss phase contains predominantly Cr (Cr concentration 

above 90 at.%). All three alloys maintain their high-temperature phase constitution, with no evidence 

of the formation of low-temperature stable phases, as illustrated in Fig.1 and Fig. 2. 

 

 

Fig. 1 Microstructure and phase composition of the three alloys after annealing at 1200 °C and cooling to room 
temperature. The SEM images show the microstructure of (a) Ni20Cr20Ta, (b) Fe20Cr20Ta, (c) Co20Cr20Ta. The 
XRD patterns are summarized in (d). 
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Table 1 Chemical composition and volume fraction of the different phases marked in Fig.1 

Alloy Phase Chemical composition (at%) Phase identified 
Phase fraction 

(vol.%) 

Ni20Cr20Ta 

A Ni: 76.9, Cr: 2.6, Ta: 20.5 Niss (FCC_A1) 79.7 

B Ni: 3.2, Cr: 94.0, Ta: 2.8 Crss (BCC_A2) 20.3 

Average Ni: 58.5, Cr: 21.5, Ta: 20.0 -- -- 

Fe20Cr20Ta 

A Fe: 50.9, Cr: 14.9, Ta: 34.2 Ta(FeCr)2 (C14) 72.1 

B Fe: 68.0, Cr: 31.5, Ta: 0.5 Fess (BCC_A2) 27.9 

Average Fe: 55.8, Cr: 21.5 Ta: 22.7 -- -- 

Co20Cr20Ta 

A Co: 56.6, Cr: 13.4, Ta: 30.0 Ta(CoCr)2 (C14) 68.3 

B Co: 70.9, Cr: 22.7, Ta: 6.4 Coss (FCC_A1) 31.7 

Average Co: 59.2, Cr: 21.3, Ta: 19.5 -- -- 
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Fig. 2 Volume fraction as a function of temperature of the constituent phase in the three ternary alloys calculated 

by Thermo-Calc using the TCFE7 database. (a) Ni20Cr20Ta, (b) Fe20Cr20Ta, (c) Co20Cr20Ta. 
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3.2 High-Temperature Oxidation 

3.2.1 Isothermal oxidation kinetics  

Fig.3 depicts mass change curves for the three alloys during oxidation at 1000°C and 1200°C for 24 h 

obtained by thermogravimetry. The solid lines represent the recorded experimental data, while the 

dashed lines are fitted curves based on the parabolic rate law. The initial application of parabolic rate 

law enables quantitative comparisons of the oxidation rates between these Ta-containing alloys and 

their Ta-free counterparts, as well as with commonly protective oxide scales. The good correlation 

between the experimental data and the parabolic law fitting (except Ni20Cr20Ta at 1200°C) indicates 

that the oxidation rate decreases over time and the oxidation process is primarily diffusion controlled. 

The experimental curve recorded for Fe20Cr20Ta at 1000°C deviates somewhat from the fitted curve 

after 22 h, likely due to disturbance in thermogravimetric balance or edge effects during oxidation. The 

mass change curve of Ni20Cr20Ta at 1200°C can be more accurately represented by two distinct stages, 

which correlates with the initially rapid transient oxidation stage, internal oxidation, and void 

formation (see the subsequent sections). Among all alloys, Ni20Cr20Ta exhibit the highest mass gain, 

followed by Co20Cr20Ta and Fe20Cr20Ta at both temperatures. Despite the slight variations, the 

overall mass gains remain relatively low, with all three alloys exhibiting values below 0.8 mg/cm² after 

24 h of oxidation at 1000°C. At 1200°C, the final recorded mass gains range from 3.01 mg/cm² to 5.54 

mg/cm² for Fe20Cr20Ta and Ni20Cr20Ta, respectively. 

Table 2 compares the parabolic rate constants for the three ternary alloys and their respective binary 

counterparts under similar oxidation conditions (Ar-O2 or O2 atmosphere). While the parabolic rate 

constants for Ni20Cr20Ta are comparable to those of Ni20Cr, Fe20Cr20Ta and Co20Cr20Ta exhibit 

significantly enhanced oxidation resistance. The parabolic rate constants for Fe20Cr20Ta are one order 

of magnitude lower, and for Co20Cr20Ta, they are reduced by three orders of magnitude compared to 

their binary counterparts. These results clearly indicate that addition of 20 at.% Ta substantially 

enhances the oxidation resistance of the Fe–Cr and Co–Cr systems. 
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Fig. 3 Mass change curves and fitting results using parabolic law of the three alloys during oxidation at (a) 1000°C 

and (b) 1200°C for 24 h. 

 

Previous fitting of the mass change curves revealed deviations of their oxidation kinetics from the 

parabolic law, particularly noticeable at 1200°C for Ni20Cr20Ta. Fig. 4 constructs a double logarithmic 

plot of mass change versus oxidation time at 1200°C. This plot provides intuitive insight into the 

oxidation kinetics, with slopes of 1,1/2, and 1/3 corresponding to linear, parabolic, and cubic rate laws, 

respectively. The analysis reveals two distinct stages in the oxidation process. The initial stage features 

a more rapid oxidation rate with kinetics between linear and parabolic. As oxidation progresses, the 

oxidation rate transitions to a slower, steady-state regime, where kinetics approaches a cubic rate law. 

The transition between these two stages occurs at around 100 min for both Fe20Cr20Ta and 

Co20Cr20Ta, as indicated by the dashed line in Fig. 4. In contrast, Ni20Cr20Ta exhibits a much longer 

period before the oxidation rate begins to slow down. The fitted equations for the steady-state regime 
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oxidation are displayed in Fig.4, with the slope values found to be 0.35, 0.38, and 0.39 for the Fe-, Co-, 

and Ni-based alloys, respectively. These values are quite close to the ideal cubic law slope of 1/3. A 

similar analysis of the mass change curves at 1000°C (not shown here) indicates that their oxidation 

kinetics remain to the parabolic rate law throughout the entire exposure period, which appears to be 

related to the much lower mass gain here. 

 

 

Table 2 Parabolic rate constant (Kp: kg2⋅m-4⋅s-1) of the three alloys and comparison with their binary 

counterparts 

Alloy 1000°C 1200°C Ref. 

Ni20Cr 1.6 ~ 6.9×10-10 1.2×10-8 [24–27] 

Ni20Cr20Ta 7.4×10-10 4.2×10-8 This study 

Fe20Cr 4.0 ~ 4.8*10-9 9.5×10-8 [28] 

Fe20Cr20Ta 2.8×10-10 8.2×10-9 This study 

Co20Cr 4.1 ~ 4.9×10-7 2.7×10-5 [29,30] 

Co20Cr20Ta 6.0×10-10 2.6×10-8 This study 

 

 

 

Fig. 4 The double logarithmic graph of the mass change and oxidation time at 1200°C. The oxidation kinetics are 

closer to cubic law after initial rapid transient oxidation period.  
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3.2.2 Constituent phases of oxide scales 

XRD analyses performed after oxidation for 24 h at 1000 or 1200 °C are shown in Fig. 5. Three distinct 

oxide phases are identified, aside from the diffraction peaks of the alloy substrate. These phases 

include binary Cr2O3 (PDF No. 38-1479) and two ternary Cr–Ta-based oxide phases, i.e., CrTaO4 (PDF 

No. 39-1428) and CrTa2O6 (PDF No. 25-0921). Their theoretical diffraction patterns are also plotted in 

Fig. 5 for reference. For Ni20Cr20Ta, only signals from Cr2O3 and CrTaO4 are clearly present, whereas, 

for the other two alloys, peaks corresponding to all three oxides are observed. The intensities of oxide 

peaks are somewhat higher after oxidation at 1200°C as compared to 1000°C. Additionally, the highest 

intensity peak in spectra recorded from Fe20Cr20Ta or Co20Cr20Ta shifts from Cr₂O₃ at 1000°C to the 

ternary oxides CrTa₂O₆ or CrTaO₄, respectively, after oxidation at 1200°C, suggesting the dominance of 

these ternary oxides within the oxide scale formed at the higher temperature. 

 

 

Fig. 5 XRD patterns recorded from the three alloys after oxidation for 24 h and theoretical patterns corresponding 

to relevant oxides: (a) 1000°C and (b) 1200°C. 
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3.2.3 Surface morphology and microstructure of oxide scales 

The surface morphologies and cross-sectional structures of the oxide scale formed after oxidation at 

1000°C are presented in Fig. 6 and Fig.7, respectively. Chemical composition analyses and contrasting 

morphologies confirm that all three alloys grow a bi-layered oxide scale, consisting of an outer Cr₂O₃ 

layer and an inner Cr–Ta oxide layer. The outer Cr₂O₃ layer display a convoluted morphology with 

facetted crystals protruding from the surface, indicative of outward growth at the oxide/gas interface. 

Spalling of outer Cr2O3 scale occurs, whereas the inner Cr–Ta oxide layers seem to remain adherent 

(Fig.6). Low-magnification SEM images (see Fig.S1) reveals varying degrees of spalling for the three 

alloys, increasing in the order Co20Cr20Ta < Fe20Cr20Ta < Ni20Cr20Ta. The thermogravimetric curves 

are inconspicuous as to loss of oxide so that spalling is like to have occurred during cooling after the 

isothermal exposure, because of thermal stress accumulation when temperature changes [31]. The 

varying levels of oxide spalling are likely associated with differences in thermal expansion mismatch 

between alloy matrix and oxide scale, and oxide scale thickness. Although the thermal expansion 

coefficients of the alloy matrix are not known, the increased thickness of the oxide layer on Ni20Cr20Ta 

obviously makes the scale more susceptible to spalling (see Fig.7). 

 

The two oxide sublayers exhibit significant thickness variations among the alloys, as quantified in Fig.7 

(d). Notably, Ni20Cr20Ta forms a considerably thicker Cr₂O₃ layer and a thinner Cr–Ta oxide layer as 

compared to the other two alloys (Fig. 7). The average thickness of the Cr₂O₃ layer and the Cr–Ta oxide 

layer on Ni20Cr20Ta is ~ 6.2 and 0.7 μm, respectively. In comparison, their thicknesses on Co20Cr20Ta 

average ~ 3.0 and 2.7 μm, respectively. The overall oxide scale thicknesses qualitatively correlate with 

the mass gains shown in Fig.3 (a). Prominent growth of Cr₂O₃ layer on Ni20Cr20Ta leads to preferential 

consumption of Crss phase beneath the oxide scale, void formation and internal oxidation of Cr on the 

void surfaces (see Fig.7 (a)). The oxide scales showcase a compact structure with wavy characteristics 

at both the gas/oxide and oxide/alloy interfaces in Fe20Cr20Ta and Co20Cr20Ta after oxidation. 

Notably, remnants of the minor solid solution phases are incorporated into the Cr–Ta oxide layer in the 

form of Fe(Cr) or Co(Cr) particles (see Fig.7 (b) and (c)). In regions where the Cr–Ta oxide layer contains 

such particles, it exhibits increased thickness and a more convoluted structure. Conversely, particle-

free oxide scale is thinner and of uniform thickness. The number density of unoxidized particles is 

higher within the Cr–Ta oxide layer on Co20Cr20Ta, which likely contributes to the greater variability 

in its thickness. Elemental mapping (see Fig. S2-4) confirms the formation of bi-layered oxide scales 

comprising an outer Cr₂O₃ and inner Cr–Ta oxide layer with thicknesses varying across the alloy surface. 
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Fig. 6 Surface morphology of the oxide scale after 24 h oxidation at 1000°C for (a) Ni20Cr20Ta, (b) Fe20Cr20Ta, 

and (c) Co20Cr20Ta. (d) Results of EDS analyses performed at the indicated points. 

 

Fig. 7 Cross-sectional morphologies and comparison of their oxide scale thickness after oxidation at 1000°C for 

24 h. (a) Ni20Cr20Ta, (b) Fe20Cr20Ta, (c) Co20Cr20Ta. The thicknesses of the two oxide sublayers are summarized 

in (d). The SEM images are in different magnifications. 
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Deeper analysis of the oxide scale on Fe20Cr20Ta that formed at 1000 °C, with the aid of EDS line scans 

(Fig. 8), reveals clear differences in Cr and Ta concentration in the Cr–Ta oxide layer. The Cr 

concentration is higher in the region adjacent to the Cr₂O₃ layer, transitioning to a Ta-rich zone closer 

to the oxide/alloy interface. Notably, the Ta:Cr ratio approaches 2 in the oxide surrounding a Fe(Cr) 

particle and directly above the alloy matrix, suggesting CrTa2O6, as indicated in the EDS line scan in 

Fig.8. A qualitatively similar distribution of Cr and Ta is observed for the Cr–Ta oxide layer on 

Co20Cr20Ta (Fig. S4). These findings, corroborated by the XRD results, reveal the growth of two Cr–Ta-

based oxides within the Cr–Ta oxide layer: formation of the CrTaO₄ phase beneath the outer Cr₂O₃ 

layer, and development of the CrTa₂O₆ phase under the CrTaO4 and above the alloy matrix. 

 

Fig. 8 Cross sectional morphology and EDX line scanning of Fe20Cr20Ta alloy after oxidation at 1000°C for 24 h.  

(a) SEM image with the position of EDX line scan, and (b) elemental composition profile obtained from the EDX 

line scan. 

 

The oxide scales formed at 1200°C exhibit similar surface morphologies but with more pronounced 

spalling of Cr2O3 layer as compared to those observed at 1000°C (Fig.S5) because of higher level of 

thermal stresses and scale thickness [32]. Fig.9 presents cross-sectional views for the three alloys after 

oxidation at 1200°C as well as EDX point measurements for Ni20Cr20Ta. A bi-layered oxide structure 

with significantly increased thicknesses, compared to those at 1000°C, is observed in all cases. Similar 

to the lower temperature, Fe(Cr) or Co(Cr) particles are incorporated into the Cr–Ta oxide layer on 

Fe20Cr20Ta and Co20Cr20Ta, respectively. Notably, a chemical gradient within the Cr–Ta oxide layer 

(EDX point measurements P4-P6 in Fig.9 (a)), previously observed only for the Fe- and Co-based alloys, 

is also detected in the case of the Ni-based alloy now, correlating with the thicker Cr–Ta oxide layer. A 

pronounced Crss-depleted region forms beneath the oxide scale on Ni20Cr20Ta, characterized by a 
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single Niss phase with varying Cr and Ta content. In contrast, Fe20Cr20Ta and Co20Cr20Ta maintain a 

dual-phase microstructure beneath the oxide scale without significant microstructural changes. 

 

 

Fig. 9 Cross-sectional morphologies of the three alloys after oxidation at 1200°C for 24 h. (a) Ni20Cr20Ta and EDX 

point measurements (at.%). The data points in red show the chemical gradient of Cr and Ta within the Cr–Ta 

oxide layer. (b) Fe20Cr20Ta, and (c) Co20Cr20Ta. 

 

3.2.4 Oxide scale evolution for Fe20Cr20Ta at 1000°C 

Fig. 10 illustrates the typical cross-sectional morphologies of the oxide scale and the evolution of oxide 

layer thicknesses over oxidation time for exposure of 12, 24 and 48 h of Fe20Cr20Ta at 1000 °C. The 

outer Cr₂O₃ layer exhibits minimal growth, with relatively constant thickness of around 4 µm. In 

contrast, the inner Cr–Ta oxide layer gradually thickens with exposure time increasing up to 48 h. Given 

that volatilization of Cr₂O₃ manifests only after prolonged exposure (exceeding ~10 days) at 1000°C 
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[33], the nearly constant thickness of Cr₂O₃ layer observed here suggests that the formation of the 

inner Cr–Ta oxide effectively inhibits outward diffusion of Cr.  

 

 

Fig. 10 Cross sectional morphologies of Fe20Cr20Ta after oxidation at 1000°C for three different times (a) 12, (b) 

24 and (c) 48 h, and (d) comparison of their oxide scale thickness with the two oxide sublayers. The SEM images 

are in different magnifications. 
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4. Discussion  

4.1 Oxide formation mechanisms and structural evolution 

During oxidation at 1000°C and 1200°C, all three ternary alloys form a bi-layered oxide scale, 

comprising an external Cr₂O₃ layer and an internal Cr–Ta oxide layer. The formation of such bi-layered 

oxide scales with varying thickness on each alloy can be rationalized by their phase composition (i.e. 

chemical activity of alloying elements), thermodynamic stability of resulting oxide phases and diffusion 

processes. The base elements (Ni, Fe, Co) represent the most noble elements in these ternary alloys, 

which makes them less susceptible to oxidation at elevated temperatures. At 1200°C, the Gibbs free 

energy of formation (per mole O2) for Cr₂O₃ and Ta₂O₅ is approximately -505 kJ/mol and -565 kJ/mol, 

respectively [34]. These values suggest that both oxides have comparable thermodynamic stability, but 

with slightly higher stability for Ta₂O₅. Preferential growth of Cr2O3 external layers over Ta-containing 

oxides occurs in all three alloys during oxidation at high temperatures, consistent with observations in 

TaMoCrTiAl high-entropy alloys containing Cr and Ta in equivalent amounts [34] and recently 

investigated TaTiCr alloys [35] (excluding the surface layers of TiO2 and/or Al2O3). The initial preferential 

oxidation of Cr is most likely to be attributed to the higher chemical activity of Cr (see the next 

paragraph) and sluggish diffusion of Ta atoms within the alloys [35,36]. 

 

The observed variation in thickness of the Cr₂O₃ surface layers among the three alloys can be attributed 

to the differing chemical activities of Cr within the alloys and diffusivity aspects. Using the TCFE7 

database, the calculated chemical activities of Cr are 0.00648, 0.00370, and 0.00305 at 1000°C in the 

Ni, Fe, and Co-based alloys, respectively. In contrast, the chemical activities of Ta are on the order of 

10-6 for all three alloys.  The volume diffusion coefficients of Cr in Ni-based alloys at 1000°C are of the 

order of 10-15 m2∙s-1 [37]. Diffusion data on Laves phases are highly scarce; one study reports that self-

diffusivity in Laves phase NbCo2 is approximate 10-19 m2∙s-1 at the same temperature [38]. Self-diffusion 

coefficients in Laves phase TiFe₂ also indicate the same magnitude as those in NbCo₂ [39]. Therefore, 

the diffusivity of Cr in Ni20Cr20Ta, which is predominantly composed of solid solution phases, is 

expected to be significantly faster than that in the Fe and Co alloys where Laves phases dominate. The 

higher Cr activity and diffusivity in the Ni-based alloy, associated with the presence of solid solution 

phases, correlates with the formation of a significantly thicker Cr₂O₃ surface layer compared to the Fe 

and Co-based alloys. The trend in Cr₂O₃ thickness (Fig.7) also corresponds well with the calculated 

chemical activity values of Cr among the three alloys. Oxidation-induced subsurface microstructural 

changes are observed in the Ni20Cr20Ta alloy, while no significant phase or microstructural alterations 

are evident in the other two alloys (Fig. 7 and Fig. 9). In Ni20Cr20Ta, substantial consumption of the 
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Crss phase occurs due to growth of the thicker Cr2O3 layer. This leads to the depletion of the Crss phase, 

void formation (Cr outward diffusion), and enrichment of a single Niss phase beneath the oxide scale. 

In contrast, in the Fe- and Co-based alloys, both the solid solution phase and the Laves phase can serve 

as reservoirs for Cr during oxidation plus growth of thinner external Cr2O3 layers, preventing the 

depletion of either phase. 

 

Regarding the internal oxide layer composed of complex Cr–Ta oxide phases, previous studies [12,15] 

assume the formation of CrTaO₄ phase through a reaction involving Cr₂O₃ and Ta₂O₅ phases as outlined 

in Equation (1), 

1/2 Cr2O3 (s) + 1/2 Ta2O5 (s) = CrTaO4 (s)                                                      (1) 

In the present study, we observed an additional complex ternary oxide, CrTa₂O₆, alongside CrTaO₄. Fig. 

11 illustrates the crystal structures of both oxides. CrTaO₄ exhibits a typical rutile structure with 

random Cr and Ta distribution, whereas CrTa₂O₆ possesses an ordered tri-rutile structure with defined 

cation sites and Cr ions of +2 charge. The formation of CrTa₂O₆ can be represented by Equation (2), 

which involves reactants previously used for bulk oxide synthesis [40],  

1/3 Cr2O3 (s) + Ta2O5 (s) + 1/3 Cr (s) = CrTa2O6 (s)                                       (2) 

Considering the higher thermodynamic stability of Ta₂O5 compared to Cr₂O₃, as oxidation progresses 

and the oxygen partial pressure at the scale/alloy interface decreases, the interfacial conditions will 

become more favorable for the preferential oxidation of Ta and reduction of Cr³⁺ to Cr²⁺. A plausible 

hypothesis is that the sequential growth of CrTaO₄ occurs initially, followed by the formation of CrTa₂O₆ 

within the internal Cr–Ta oxide layer (Fig.8 and Fig.9). The stoichiometry of the two ternary oxides 

clearly reveals that a larger proportion of Ta atoms are being oxidized during the formation of the 

CrTa₂O₆ phase at a later stage of the oxidation process. 

 

However, an alternative pathway for CrTa₂O₆ formation involving the reaction of already formed 

CrTaO₄ with Ta atoms and inward diffusing oxygen may also be feasible, as outlined in Equation 3, 

CrTaO4 (s) + Ta (s) + O2 (g) =  CrTa2O6  (s)                                                    (3) 

Given the differing valence states of Cr in CrTaO₄ and CrTa₂O₆, it is anticipated that charge transfer 

between Cr and Ta atoms occurs during the formation of CrTa₂O₆. However, the precise chemical 

nature and behavior of these complex oxides, particularly regarding their stability and phase 

transitions, remain insufficiently understood. Further investigations are required to fully elucidate the 
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structural and chemical characteristics of CrTa₂O₆ and similar ternary oxides, especially under high-

temperature conditions.  

 

Fig. 11 Crystal structure of the two Cr–Ta-based oxides. 

 

4.2 Oxidation kinetics  

In Fig.12, the oxidation kinetics fitted using the parabolic rate law for all three alloys (Table 2) are 

compared with the three most common protective oxide scales (Cr₂O₃, Al₂O₃, and SiO₂) as well as 

recently reported CrTaO₄ scale. Among the three alloys, Fe20Cr20Ta exhibits the slowest oxidation 

kinetics, with parabolic rate constants aligning closely to the fitting line for the CrTaO₄. This appears 

reasonable since the oxidation resistance of this alloy is primarily governed by the formation of the 

inner Cr–Ta oxide layer. Previous studies have indicated that the growth of Cr₂O₃ scales is primarily 

controlled by the outward diffusion of cations [41,42]. The observed minimal change in thickness of 

the Cr₂O₃ layers in Fe20Cr20Ta alloys after oxidation at 1000°C, despite varying oxidation times (Fig.9), 

suggests that the dense Cr–Ta oxide layer (consisting of CrTaO₄ and CrTa₂O₆ here) plays a crucial role 

in inhibiting the outward diffusion of cations. The growth of Cr–Ta-based oxides further suppress the 

formation of individual detrimental oxides, i.e. Cr2O3 and Ta2O5 here, which are known for their poor 

performance at high temperatures due to volatilization, spalling/cracking. The dense Cr–Ta oxide layer, 

which grows by inward diffusion of oxygen anions [15,20], explains the low oxidation rate. 
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However, the parabolic rate constants of the other two alloys, Co20Cr20Ta and, more notably, 

Ni20Cr20Ta, deviate slightly from the fitting curve for the CrTaO₄ scale, with values falling within the 

region typically associated with the parabolic rate constant of Cr₂O₃ scale. The elevated oxidation 

kinetics observed in these alloys can be attributed to different factors. For Co20Cr20Ta, a higher density 

of unoxidized Co(Cr) particles incorporated into the Cr–Ta oxide layer during the oxidation process (as 

shown in Figs. 7 and 9) likely contributes to the increased oxidation rate. These particles not only 

increase the roughness of the oxide/alloy interface, thereby enlarging the reactive surface area, but 

also potentially enhance the solubility and diffusivity of oxygen within the oxide scale compared to the 

matrix oxide phase. This could lead to more rapid oxidation, slightly deviating from the ideal CrTaO₄ 

behavior. The Ni20Cr20Ta alloys, which exhibit the highest oxidation rate among the three alloys, likely 

experiences this due to the formation of the thinnest Cr–Ta oxide layer, coupled with void formation 

and internal oxidation beneath the oxide scale (Fig.8). The thinnest Cr–Ta oxide layer in Ni20Cr20Ta is 

less effective at impeding the diffusivity of oxidizing species, leading to a higher overall oxidation rate.  

 

Fig. 12 Comparison of parabolic oxidation kinetics of the three ternary alloys with those most common oxide 

scales and CrTaO4 scale. The image is adapted and modified from [10].  

 

High-temperature oxidation of alloys with lower Ta content have reported that Ni20Cr, with the 

addition of 0.5 to 1.5 at.% Ta, exhibits a mass gain between 4.5 and 6 mg/cm² after oxidation at 1000°C 

for 24 hours in air [7]. In contrast, the Ni20Cr20Ta alloy investigated here shows a much lower mass 
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gain of less than 1 mg/cm² after oxidation under the same temperature and time conditions (in Ar–20 

vol.% O2). Similar behavior was observed for Co–Cr alloys, where the mass gain recorded in this study 

was substantial lower compared to previous studies on alloys with lower Ta content [21,43]. An 

increase in Ta content suppresses the oxidation of base elements and accelerates the formation of 

continuous Cr–Ta-based oxide layers, improving oxidation resistance and reducing oxidation kinetics. 

Previous double-logarithmic plots of the mass change curves at 1200°C (Fig. 4) reveal two distinct 

oxidation rate regimes: an initial transient period of rapid oxidation with kinetics between linear and 

parabolic, and a subsequent steady-state regime characterized by an approximate cubic rate law. The 

first stage likely corresponds to the growth of the Cr₂O₃ surface layer, while the subsequent stage is 

characterized by the gradual thickening of the inner Cr–Ta oxide layer, as supported by phase and 

microstructural observations before. The longer transient stage observed in Ni20Cr20Ta before the 

onset of slower oxidation rate can be explained by the more substantial growth of the external Cr₂O₃ 

layer in this specific alloy (Fig.7). A similar phenomenon, where oxidation kinetics transition from the 

parabolic law to the cubic law, was recently reported after the growth of continuous and dense CrTaO4 

layer on Ta-alloyed Ni superalloys [20]. Cubic scale growth rate, where the oxidation rate decreases 

more rapidly than in parabolic growth, is favorable for oxidation protection and enhances the lifetime 

of the materials. 

The growth of the inner Cr–Ta oxide layer, dominated by the inward diffusion of oxygen, is driven by 

two primary mechanisms: grain boundary diffusion (Dgb) and lattice diffusion (Dl) occurring via oxygen 

vacancies. The observed kinetics transition to cubic rate law during oxidation is often explained by the 

phenomenon of grain growth in the oxide scale, which reduces the total grain boundary area available 

for diffusion [44,45]. Previous studies have identified a relatively thick internal oxidation and 

nitridation zone beneath the CrTaO₄ scale during the high-temperature oxidation of TaMoCrTiAl RHEAs 

in air [12,15,34]. This phenomenon has been attributed to the high concentration of oxygen vacancies 

within the CrTaO4 scale. According to classical defect theory, the formation of the CrTa₂O₆ phase, which 

has a higher Ta concentration by substitution of Ta ions (+5) for Cr ions (+3 or +2) on the cationic 

sublattice compared to CrTaO₄, could lead to a reduction in oxygen vacancy concentration [32]. The 

corresponding defect equation, assuming Cr ions with a +3 charge, can be expressed as: 

𝑉𝑂
⦁⦁ + 2 𝑒′ + 𝑇𝑎2𝑂5 = 2 𝑇𝑎𝐶𝑟

⦁⦁ + 3 𝑂𝑂 +  𝑂2 (𝑔)  +  4 𝑒′                                 (4) 

This reduction in oxygen vacancies could subsequently decrease the lattice diffusion of oxygen, further 

diminishing the oxidation rate and enhancing the overall oxidation resistance of the alloys. 
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4.3 Implications of Ta content 

All three ternary alloys with 20 at.% Ta successfully develop an inner, continuous Cr–Ta-based oxide 

layer during high-temperature oxidation, although with variations in layer thickness. However, it is 

important to note that hexagonal C14 Laves phases serve as matrix in Fe- and Co-based alloys. While 

Laves phases show promising mechanical properties at high temperatures, they are inherently brittle 

at intermediate/low temperatures. Previous studies on various Laves phases have reported their 

ductile-brittle transition temperatures at or above 0.6Tm (melting temperature) [46][47]. Recent 

studies also have reported diminished ductility with an increasing volume fraction of Laves phases in 

various HEA systems by tuning alloy compositions [48][49]. Nevertheless, it has been demonstrated 

that with proper control of precipitation process, Laves phases can effectively serve as strengthening 

particles within a ductile matrix [47]. The critical Ta content required to form the inner protective Cr–

Ta-based oxide layer in these ternary alloy systems has not yet been determined. Previous studies on 

Ni20Cr [7] and Co20Cr alloys [43] have reported that Ta concentrations below 5 at.% are sufficient to 

promote the formation of CrTaO4 oxide during high-temperature oxidation; although, in most cases, 

these oxides exist as isolated particles and discontinuous layers at low Ta concentrations. It can be 

anticipated that the Ta content can be reduced and optimized in these high-Cr alloys, balancing both 

mechanical properties and oxidation resistance. 

 

4. Summary and conclusion 

This study explores the potential of the formation of Cr–Ta oxides on M-20Cr-20Ta alloys (where M = 

Ni, Fe, Co) at 1000°C and 1200°C in Ar–20 vol.% O2. The key findings and their implications are 

summarized as follows: 

- All three alloys exhibit a duplex structure, with Ni-based alloys consisting of Niss and Crss phases, and 

Fe- and Co-based alloys featuring a solid solution phase and C14 Laves phase. 

- A bi-layered oxide scale, consisting of an external Cr₂O₃ layer and an internal Cr–Ta oxide layer, 

develops across all three alloys during oxidation at 1000°C and 1200°C. The inner Cr–Ta oxide layer 

composes of two complex ternary oxides, with CrTaO₄ presumably initially forming and subsequently 

transforming into CrTa₂O₆. The distinct phase compositions of the alloys result in varying thickness of 

the oxide sub-layers, along with subsurface microstructural changes (Crss depletion and void formation) 

in Ni20Cr20Ta after oxidation. 

- While Ni20Cr20Ta exhibit a similar oxidation rate to its Ta-free counterpart, significant diminished 

oxidation rates are observed in Co20Cr20Ta and, particularly, in Fe20Cr20Ta because of the formation 
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of the protective Cr–Ta-based oxide layer. The oxidation kinetics approach a cubic rate law following 

an initially rapid transient oxidation stage at 1200°C, emphasizing the exceptional protective properties 

of the Cr–Ta oxide layer. 

- Concluding, this study underscores the remarkable potential of complex Cr–Ta oxides (CrTaO₄ and 

CrTa₂O₆) to serve as protective scale, effectively safeguarding alloys from rapid oxidation-induced 

degradation. These findings offer valuable insights for the design and optimization of Ta-containing 

traditional high-temperature alloys for applications demanding exceptional oxidation resistance. 
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