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Abstract 

This study reports the unique microstructures and high-temperature oxidation behavior of TaTiCr, 

Ta4Ti3Cr, Ta2TiCr, and Ta4TiCr3 concentrated refractory alloys and elucidates the effect of moderate 

composition changes on oxidation performance. All alloys investigated in this study formed bcc solid 

solution matrices with second phase Laves precipitates (except for Ta4Ti3Cr, being single-phase bcc).The 

alloys were tested for 24 hours at 1200°C, of which: TaTiCr exhibited superior oxidation performance for 

the duration of the test; Ta4TiCr3 showed moderate oxidation resistance, with both parabolic and linear 

kinetic regimes; and Ta4Ti3Cr and Ta2TiCr both exhibited poor oxidation performance, with Ta2TiCr being 

completely oxidized after testing. All alloys formed complex oxides; however, the excellent performance 

of the TaTiCr alloy can be attributed to the compact, continuous nature of the oxide scale, the 

combination of complex oxides and protective Cr2O3 formation, and the complex internal nitride 

morphology, slowing oxygen ingress and reducing the depth of internal oxidation. 
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1. Introduction 

Research of refractory alloys started in the 1950s with the aim to develop structural alloys that could 

maintain their mechanical properties at high temperatures. Much of the focus centered around 

processability. In the last decade, another wave of research has taken place with the objective to 

identify potential refractory metallic materials that exceed the operational temperature limits of Ni-base 

superalloys (>1100°C) [1]. This is partially due to the major difference in alloy melting temperatures 

when comparing state-of-the-art Ni-base superalloys (~1400°C) with refractory alloys (~1800°C) [1–3] 

However, a major challenge with refractory alloys is their high susceptibility to oxidation, which makes 

them primarily reliant on protective coatings and/or limits their use to environments where oxygen is 

minimized [4,5]. Outside of coatings, one promising alternative is to improve the native oxidation 

resistance of refractory alloys through concentrated alloying additions. These alloys are known as 

refractory high-entropy alloys (RHEAs) and refractory complex concentrated alloys (RCCAs) [2,6,7]. The 

compositional complexity of these alloys facilitates the formation of complex oxides due to the reaction 

between simple native oxides. These oxides serve to suppress the non-protective effects of deleterious 

simple oxides (e.g. Ta2O5) by preferentially forming more complex species (e.g. CrTaO4) and ultimately 



promote sluggish oxidation kinetics [2,8]. RCCAs are of primary interest due to their unique 

combinations of properties. The compositional complexity has shown to give rise to unique properties. 

Some RCCAs have been reported to maintain their high strength at high temperatures [9] as well as 

exhibit improved oxidation resistance. Despite their promise, the low room-temperature ductility and 

high density still remain a challenge in some systems.  

As reported elsewhere in the literature [2,3,10], alloys based upon Ta, Ti, and Cr are attractive 

candidates for structural applications at high temperatures. However, the majority of published research 

has focused only on binary systems, such as CrNb or CrTa [11–20], or simple alloys with small additions 

of Si, Ni, Co, Fe, Al and Re [11,15,16]. Although Ta has a rather high density (16.65 g/cm3), the TaTiCr 

system was chosen for this work because Cr and Ti have been shown to form moderately protective 

complex oxides when present with Ta [2] and their lower elemental densities (7.19 g/cm3 and 4.51 

g/cm3, respectively) will positively impact the specific properties. There exists a relatively substantial 

body of research into the high-temperature oxidation performance of Cr(X)+Cr2X alloys (X is Nb or Ta) 

[11–14] which show that such alloys form microstructures where the continuous matrix phase is a Laves 

phase with solid solution particles dispersed throughout. Given that the target service temperature for 

these alloys is at least 1100 °C (to exceed the temperature window of Ni-based superalloys), Butler et al. 

[3,10] have reported oxidation and mechanical behavior in the ternary and quaternary space, 

investigating CrNb, CrNbTi and CrNbTaTi RCCAs at 1200°C. They have shown that the addition of Ti to 

the binary CrNb alloy changes the microstructural evolution, effectively “inverting” the microstructure 

from one with a Laves matrix to one with a bcc matrix with dispersed Laves particles, improving the 

ductility substantially. The complex oxide CrTaO4 was reported in the Cr-Ta system by Brady, et al. [14] 

as well as the TaMoCrTiAl system by Gorr and Schellert, et al. [21,22] and the MoTaTiCr system by Li, et 

al. [23] and has been attributed to providing a large degree of protection if the scale is continuous, 

compact, and adherent. Although complex oxides such as CrTaO4 can be very protective, there have not 

been any strong links established between microstructure and oxidation performance and, further the 

compositional influence on microstructure morphology in concentrated refractory alloys. Ta-rich binary 

compositions in combination with high concentrations of Ti have been investigated only regarding 

microstructural characterization and mechanical properties [24]. 

This work explores the role of Ta, Ti, and Cr alloying additions to the resulting microstructures and 

oxidation behavior of a series of novel Ta-Ti-Cr alloys (TaTiCr, Ta4Ti3Cr, Ta2TiCr, and Ta4TiCr3). The 

equiatomic alloy (TaTiCr) is considered to be a true RCCA, the other three concentrated alloys were 

chosen with 50 at% Ta and varying ratios of Ti and Cr. These four compositions were strategically chosen 

to systematically compare the relative ratios of alloying additions on Laves phase fraction and matrix 

composition. CALPHAD predictions showed that increasing the Cr:(Ta+Ti) ratio directly increased the 

relative Laves fraction, and vice versa. The predictions also show a strong dependence on matrix 

composition with the relative Ta:Ti ratio in the alloys. The microstructures are explored, both 

experimentally and through CALPHAD based models, to provide insight into the validity of commercial, 

refractory alloy databases. The 1200°C oxidation kinetics of each alloy are quantified and linked to 

microstructural changes in the alloy and resulting oxide scales, providing useful insights on the active 

oxidation mechanisms for each alloy and identifying promising candidates for further exploration. 

 

2. Methods 



Ingots of TaTiCr, Ta4Ti3Cr, Ta2TiCr, and Ta4TiCr3 (Fig. 1 and Table 1) were vacuum-arc melted from high 

purity powders (99.995%) at the Ames Laboratory Metals Preparation Center facilities. Each ingot was 

prepared on a water-cooled copper hearth and flipped several times to promote homogeneity. After 

casting, and to ensure chemical uniformity in the specimens, ingots were wrapped in Ta foil and 

homogenized by Hot Isostatic Pressing (HIP) for 3 hours at 1400°C and 207MPa under a high-purity Ar 

atmosphere. Heating/cooling rates were ~15°C/min. HIPing was performed by the Materials and 

Manufacturing Directorate, Air Force Research Laboratory, at Wright-Patterson Air Force Base.  

 

Figure 1: Ternary phase diagram in at% of the Ta-Ti-Cr system with the four selected alloys plotted. 

 

Table 1: Nominal (i.e., target) and experimentally achieved compositions of the selected alloys at%. 

Alloy  Ta Ti Cr 

TaTiCr nominal  33.3 33.3 33.3 

experimental 30.6 36.8 32.6 

Ta4Ti3Cr nominal 50.0 37.5 12.5 

experimental 50.9 37.2 11.9 

Ta2TiCr nominal 50.0 25.0 25.0 

experimental 46.5 22.5 31.0 

Ta4TiCr3 nominal 50.0 12.5 37.5 

experimental 49.9 12.2 37.9 

 

Densities of the four alloys were determined using the Archimedes method to a high degree of accuracy 

[25]. An Ohaus Adventurer Analytical balance (10-5 g) was used to measure the mass of the HIP ingots 

once in air (mair) and again while submerged in deionized water (mwater). The densities were then 

calculated using Eq. (1), where the effect of air buoyancy is corrected for by including the air density at 

room temperature (ρair = 1.19 g/cm3):  



𝜌 = (𝜌𝑤𝑎𝑡𝑒𝑟 − 𝜌𝑎𝑖𝑟)
𝑚𝑎𝑖𝑟

𝑚𝑎𝑖𝑟 − 𝑚𝑤𝑎𝑡𝑒𝑟
+ 𝜌𝑎𝑖𝑟  

( 1 ) 

Oxidation tests were conducted using a Netzch Jupiter 449 F3 simultaneous thermal analysis (STA) 

thermal analyzer. Due to constraints associated with the size of the crucible, 3mm x 3mm cylindrical 

specimens were excised from the HIP ingots using Electrical Discharge Machining (EDM). To remove the 

EDM re-cast layers, all specimens were pickled for 600 seconds using a solution consisting of 20 ml HF, 

80 ml HSO3, 20 ml HNO3, and 40 ml H2O [26]. In preparation for oxidation testing, the pickled specimens 

were placed in alumina crucibles on top of a layer of calcined alumina powder to avoid reaction with the 

crucible for the duration of the tests. All oxidation tests were performed at 1200°C for 24 h, with a 

heating rate of 30°C/min. An additional 13-hour test was performed for the Ta2TiCr alloy since it had 

completely oxidized after the original 24-hour test. Specimens were subjected to a continuous flow of 

bottled air atmosphere at 80 ml/min with a 10 ml/min N2 balance1. Specimen mass was continuously 

recorded during oxidation tests to report specific mass change with respect to initial surface area 

(mg/cm2). To further investigate the nature of the oxide structures in the earliest stages of oxide 

formation, as well as to verify the complete oxidation tests performed in the thermal analyzer, 1- and 

24-hour box furnace tests were performed on HIP specimens placed in alumina crucibles.  

Subsequently, the as-cast, HIP, and oxidized specimens were hot mounted in a conductive phenolic 

resin, ground and polished using conventional metallographic techniques. To ensure that the polished 

surfaces of the specimens were deformation-free, the metallographically-prepared specimens were 

polished through a 0.04 µm colloidal silica finish, then etched with a solution of 20 ml HF, 20 ml HNO3, 

and 60 ml H2O to selectively etch/reveal any residual deformation associated with prior scratches, and 

subsequently polished (vibratory polisher) with 0.04 µm colloidal silica solution for 18 hours. 

Microstructural analysis of the as-cast, HIP, and oxidized specimens were conducted using a 

combination of scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). 

Samples were imaged using both an FEI Teneo LoVac SEM and an FEI Inspect F50 SEM equipped with 

both conventional secondary and backscattered electron detectors, as well as with an Oxford X-max EDS 

detector. EDS was conducted on both the oxide free surface, as well as cross-sections through the 

oxides to better interpret external and internal oxidation thicknesses, species, and locations. 

Throughout this paper, all compositions are given in at%. Statistical analysis of the microstructures was 

performed using MIPAR image analysis software, and compared to phase fractions obtained from 

simulations using Pandat software (with the PanNb2018 database).  

X-ray diffraction (XRD) spectra were collected from the HIP specimens, as well as from oxidized samples. 

Oxide scales were extracted and ground to powder. XRD scans were conducted using a Rigaku SmartLab 

diffractometer with Cu-Kα1 radiation (λ = 1.5406 Å) and a 2θ range of 20-80°. Post-processing of XRD 

data, including the calculation of the lattice parameters of the various phases, was conducted using 

Rigaku PDXL2 software. 

 

 
1 The 80 ml/min flow in the STA was determined by measuring specific mass change from static air box furnace tests and 
adjusting flow as necessary to match the static air results. 



3. Results 

3.1 As-cast and HIP microstructure 

Backscattered electron (BSE) micrographs of the four alloys in the as-cast condition are shown in Fig. 2. 

The microstructure of the TaTiCr alloy (Figs. 2(a) and 2(b)) is heavily cored and consists of Ta,Ti-rich 

body-centered cubic (bcc) dendrites with fine (Ta,Ti)Cr2 Laves precipitates in the interdendritic regions 

and along grain boundaries. The microstructure of the Ta4Ti3Cr alloy (Figs. 2(c) and 2(d)) has a bcc 

dendritic structure with no observable Laves precipitates. Similar to TaTiCr, the microstructure of the 

Ta2TiCr alloy (Figs. 2(e) and 2(f)) also shows a dendritic structure with small Laves precipitates. Finally, 

the micrographs of the Ta4TiCr3 alloy (Figs. 2(g) and 2(h)) show coarse, continuous interdendritic Laves 

between primary bcc dendrites. Contrast differences in the microstructure between the dendritic and 

interdendritic regions (Figs. 2(a)-2(f)) are likely caused by coring, an artifact of constituent segregation 

during solidification. Composition differences in the dendrites were confirmed by EDS on the Ta4Ti3Cr 

alloy, where the center of the dendrite is Ta-rich (58% Ta-33% Ti-9% Cr (at%)), while the outer edge of 

the dendrites has a composition leaner in Ta, but richer in Ti (36% Ta-49% Ti-15% Cr (at%)). BCC 

dendrites and fine Laves precipitates suggests a hypoeutectic composition, with solidification starting 

with BCC precipitation and growth, followed by Laves nucleation. Ta4TiCr3 is likely closer to the eutectic 

composition since the Laves is the continuous phase and of similar morphology to the BCC dendrites. 

 

 

Figure 2. Backscatter SEM micrographs of the as-cast microstructure of the four alloys:  
(a,b) TaTiCr, (c,d) Ta4Ti3Cr, (e,f) Ta2TiCr, (g,h) Ta4TiCr3. Arrows indicate porosity. Scale bars are the same for all figures within 

each horizontal row. 

 

Following the HIP cycle (3 hours at 1400 °C and 207 MPa), the microstructure of the TaTiCr alloy (Figs. 

3(a) and 3(b)) was found to exhibit a Ti-rich bcc matrix with coarsened C15 Laves particles dispersed 

throughout the microstructure. The XRD data supports this assessment (Fig. 4), as it exhibits prominent 

peaks associated with a disordered bcc (A2) and cubic C15 Laves. The lattice parameters of the bcc 

phase and Laves phase in the TaTiCr alloy are 325.7 pm and 702.4 pm, respectively. The similarity in 

contrast between the bcc and Laves in this alloy is due to the high Ti content in the bcc phase. Since Ti 

and Cr have similar Z-values (atomic numbers 22 and 24, respectively), when imaged using 



backscattered electrons, the two phases have less contrast than the other alloys which have more high-Z 

Ta (atomic number 73) content in the matrix, resulting in high contrast between the two phases in 

backscattered electron micrographs. In addition, features that are consistent with twin boundaries (or 

other disruptions in stacking) can be seen in the Laves particles (Fig. 3b) and are likely explained by high-

temperature hexagonal C14 Laves transforming into C15 upon cooling [27,28]. Although the TaTiCr alloy 

is not predicted to form C14 from CALPHAD, the Ta-Cr and Ti-Cr system both form C14 independently, 

so the compositional gradients present in the as-cast state suggest that C14 may be stabilizing after arc-

melting and subsequently transforming into C15 during the HIP process. The measured phase fractions 

from the TaTiCr alloy coincide with those obtained from the calculated phase diagram (Fig. 5(a), Table 2) 

at a temperature of ~600 °C, suggesting that further transformation is kinetically restricted during the 

slow cooling from the HIP temperature (1400 °C) to room temperature. When comparing experimental 

and simulated phase compositions, the experimental compositions of the bcc phase is notably Cr-rich 

and the Laves phase is Cr-lean and Ti-rich. The deviation from the predicted phase compositions may be 

caused by Ti substitution on the Cr sublattice in the C15 Laves cell, since Cr and Ti have similar atomic 

radii (176 and 166 pm, respectively). The phase diagrams (Fig. 5) also predict a eutectoid hexagonal 

close packed (hcp) phase transformation below 600 °C, which is not seen in either micrographs or XRD 

data, further suggesting sluggish transformation kinetics at lower temperatures. Similar results were 

reported by Butler et al. [9] for the NbCrTi and NbCrTaTi systems, where the predicted hcp phase was 

not observed after HIP.  

The microstructure of the Ta4Ti3Cr alloy (Figs. 3(c) and 3(d)) evolved into a uniform, single-phase Ta-rich 

bcc structure after HIP, with a composition near the nominal alloy chemistry (Table 2). The XRD data 

supports the interpretation of single-phase microstructure (Fig. 4), containing peaks only associated 

with bcc. The lattice parameter of the bcc phase in the Ta4Ti3Cr alloy was determined to be 324.6 pm. As 

seen in the calculated phase diagram for this alloy (Fig. 5(b)) the lower Cr content results in a higher bcc 

phase fraction and, consequently, a lower Laves phase fraction. Contrary to the phase diagrams, the 

Ta4Ti3Cr alloy did not contain any Laves or hcp –predicted to form at 1277°C and 575°C, respectively– 

suggesting that the diffusion-controlled Laves and hcp phase transformations are restricted during the 

slow cooling from the HIP temperature (1400°C) to room temperature. The density of the Ta4Ti3Cr alloy 

was determined to be 11.79 g/cm3. 

 

Figure 3. Backscatter SEM micrographs of the microstructure of the four alloys after HIP for 3 hours at 1400°C and 207MPa: 
(a,b) TaTiCr, (c,d) Ta4Ti3Cr, (e,f) Ta2TiCr, and (g,h) Ta4TiCr3. Scale bars are the same for all figures within each horizontal row. 



 

 

Figure 4. XRD spectra collected from the TaTiCr, Ta4Ti3Cr, Ta2TiCr, Ta4TiCr3 alloys after HIP. 

Similar to the microstructure observed for the Ta4Ti3Cr alloy, the dendritic structures in the matrix of the 

Ta2TiCr alloy homogenized into a uniform, Ta-rich bcc structure after HIP (Figs. 2(e) and 2(f)). The fine 

Laves precipitates present after casting coarsened into blocky, polygonal particles present both along 

grain boundaries and within the grains. XRD data (Fig. 4) for this alloy shows sharp peaks associated with 

these two phases. The lattice parameters of the bcc phase and Laves phase in the Ta2TiCr alloy were 

determined to be 325.1 pm and 703.6 pm, respectively. The calculated phase diagram for the Ta2TiCr 

alloy (Fig. 5(c), Table 2) suggests a higher equilibrium phase fraction of the Laves phase than present in 

the Ta4Ti3Cr alloy due to higher Cr content, which is supported by the stereologically measured Laves 

phase fraction of 0.34. The equilibrium phase fractions and compositions near 1000°C correspond to the 

measured data, suggesting that further transformation was suppressed below that temperature. As with 

the other alloys, the hcp phase is expected to form at lower temperatures (555°C) and was not 

experimentally observed. The density of the Ta2TiCr alloy was determined to be 11.95 g/cm3. 

The morphology of the continuous Laves structure of the Ta4TiCr3 alloy coarsened and became more 

faceted after HIP (Figs. 3(g) and 3(h)), likely due to the C14→C15 Laves transformation mentioned 

previously. Additionally, secondary Laves particles nucleated in the Ta-rich bcc regions between the 

Laves dendrites, likely due to the decrease in Cr solubility in the matrix during cooling from 1400°C 

(Table 2). XRD data (Fig. 4) for the Ta4TiCr3 alloy shows defined Laves and bcc peaks. The Cr content in 

each alloy and the Laves peak intensities generally correlate to the Laves fraction present (Table 2), e.g., 

the Ta2TiCr alloy has a weaker Laves signature compared to the Ta4TiCr3 alloy. The lattice parameters of 

the bcc phase and Laves phase for the Ta4TiCr3 alloy are 326.4 pm and 704.7 pm, respectively. Much like 

the Ta2TiCr alloy, the experimental phase fraction and composition data from the calculated phase 

diagram (Fig. 5(d), Table 2) match with the equilibrium phase fractions and compositions at 1000°C. 

Again, the hcp phase, expected to form at 480°C, was not experimentally observed. The density of the 

Ta4TiCr3 alloy is the highest of the four, and was determined to be 12.69g/cm3. Notably, the densities of 
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the Ta-rich alloys (Ta4Ti3Cr, Ta2TiCr, and Ta4TiCr3) are quite high, potentially limiting their practical use in 

aerospace applications; however, these high-density compositions are integral to understanding the 

behavior of the Ta-Ti-Cr system in its entirety.  

 

Table 2. EDS and simulated phase fraction and composition for the TaTiCr, Ta4Ti3Cr, Ta2TiCr, and Ta4TiCr3 alloys (at.%) 

Alloy Density (g/cm
3
) Method* Phase Fraction 

Composition 

Cr Ta Ti 

TaTiCr 8.40 

Experimental 
bcc 0.51 12.1 28.1 59.8 

Laves 0.49 58.8 27.3 13.9 

Simulated (600°C) 
bcc 0.51 1.6 36.0 62.4 

Laves 0.49 66.6 30.5 2.9 

Ta
4
Ti

3
Cr 11.79 

Experimental 
bcc 1.0 11.9 50.9 37.2 

Laves 0.0 - - - 

Simulated (1400°C) 
bcc 1.0 12.5 50 37.5 

Laves 0.0 - - - 

Ta
2
TiCr 11.95 

Experimental bcc 0.66 12.3 45.1 42.6 

Laves 0.34 57.4 31.6 11 

Simulated (1000°C) bcc 0.68 5.5 59.9 34.6 

Laves 0.32 66.4 28.9 4.7 

Ta
4
TiCr

3
 12.69 

Experimental 
bcc 0.48 11.9 67.2 20.9 

Laves 0.52 57.9 34.8 7.3 

Simulated (1000°C) 
bcc 0.47 4.6 72.4 23.0 

Laves 0.53 66.3 30.4 3.3 

 

*Experimental phase fraction was measured after HIP.  

Simulated phase fractions were obtained from data from Pandat PanNb2018. 



 

Figure 5. Calculated phase fraction versus temperature diagrams for the (a) TaTiCr, (b) Ta4Ti3Cr, (c) Ta2TiCr, and (d) Ta4TiCr3 
alloys, using Pandat and PanNb2018 database. 

 

3.2 Oxidation Behavior 

A plot of the oxidation kinetics and pre- and post-oxidation photographs of the samples for each alloy is 

shown in Fig. 6. The alloy with the slowest oxidation kinetics was TaTiCr, with a specific mass change of 

7.2 mg/cm2 after 24 hours at 1200°C. The TaTiCr alloy was qualitatively observed to have a relatively 

thin oxide scale that was dark grey, with brown regions along the edges of the cylinder. The other alloys 

(Ta4TiCr3, Ta4Ti3Cr, and Ta2TiCr) had specific mass changes of 71.5, 124.1, and 160.9 mg/cm2, 

respectively. The Ta4TiCr3 specimen had a dark green, rumpled scale that bulged slightly in the middle of 

the cylinder. The Ta4Ti3Cr specimen showed a thick, cracked orange scale that contained longitudinal 

splits along the length of the specimen. The Ta2TiCr specimen was completely oxidized after 24 hours 

and had a thick brown scale that left no remaining metal after testing. The total mass gain is 

representative of the net behavior of oxidation, nitridation, and volatilization [29]. The kinetic data of 

the four alloys was analyzed using a variation of the general growth rate law: 

𝛥𝑚 = 𝑘 𝑡𝑛 

( 2 ) 

where 𝛥𝑚 is the specific mass change normalized to initial surface area (mg/cm2), 𝑘 is the rate constant, 

𝑡 is the oxidation time and 𝑛 is the time exponent. Oxidation kinetics with 𝑛 = 1 are considered to be 

linear and primarily rate-limited by metal-oxide interface reactions. When 𝑛 = 0.5, the material is 

considered to have parabolic kinetics, where the rate is diffusion-controlled either by the outward 

diffusion of cations, the inward diffusion of anions, or a combination of the two types. Intermediate 

exponents between 1 and 0.5 are indicative of mixed mode behavior, involving both diffusion- and 



interface-controlled mechanisms. Sub-parabolic kinetics below 𝑛 = 0.5 are indicative of diffusion-

controlled reactions in tandem with volatilization effects, e.g. cubic kinetics where 𝑛 = 0.3 [28]. 

 

 

Figure 6. Specific mass change during the 1200 °C STA oxidation tests of TaTiCr, Ta4Ti3Cr, Ta2TiCr, Ta4TiCr3. Specimen images 
were taken after 24 hours. 

 

The TaTiCr alloy showed one distinct near-cubic regime of kinetics for the duration of the test with 𝑛 = 

0.23 and 𝑘 = 3.58 mg/cm2-h-0.23. Both Ta4Ti3Cr and Ta2TiCr alloys primarily display singular near-linear 

regimes of oxidation (𝑛 = 0.85, 𝑘 = 7.88 mg/cm2-h-0.85, and 𝑛 = 1.03, 𝑘 = 12.06 mg/cm2-h-1.03, 

respectively); however, the kinetics of the Ta2TiCr alloy deviate from linearity and become slower as the 

specimen approaches complete oxidation (after ~12 hours). The Ta4TiCr3 alloy exhibits a markedly 

different behavior compared to all other alloys, starting with a parabolic regime up to 9 hours (𝑛 = 0.51, 

𝑘 = 3.55 mg/cm2-h-0.51), followed by a near-linear regime from 9-16 hours (𝑛 = 1.17,  

𝑘 = 0.84 mg/cm2-h-1.17), and a final linear regime (𝑛 = 3.19, 𝑘 = 0.01 mg/cm2-h-3.19) until the end of the 

test (24 hours). The multi-regime kinetic behavior seen in the Ta4TiCr3 alloy indicates a shift in the 

oxidation mechanism and is characteristic of breakaway oxidation, highly influenced by the initial 

volatility of oxide species [30], which will be discussed in detail in Section 3.3.4.   

 

 

 

3.3 Post-Oxidation Microstructures 



X-ray diffraction spectra captured from the oxide scale powder of the four alloys after 24 hours are 

shown in Fig. 7. Several mixed “rutile” (P42/mnm, space group (SG) 136) complex oxide structures were 

observed in all alloys, including: (Cr,Ta,Ti)2O4 which was observed in all four alloys (Fig. 7(a)-7(d)); TaTiO4 

which was seen in the TaTiCr, Ta4Ti3Cr, and Ta2TiCr alloys(Fig. 7(a)-7(c)); TiO2 which was seen in the 

TaTiCr and Ta4Ti3Cr alloys (Fig. 7(a)-7(b)); CrTaO4 which was seen in the Ta2TiCr and Ta4TiCr3 alloys (Fig. 

7(c)-7(d)); and CrTiO4 which was only seen in the TaTiCr alloy (Fig. 7(a)). Previously, similar mixed 

structures have been observed in the CrNbTi and CrNbTaTi system by Butler, et al. [3] and were 

reported to be caused by competitive oxide formation driven from the high concentration of alloying 

additions, ultimately leading to shared occupancy within the rutile cation sublattice. Additionally, peaks 

associated with Cr2O3 (R-3c, SG 167) were seen in the TaTiCr and Ta4TiCr3 alloys (Fig. 7(a), 7(d)). The 

Ta2O5 (I/4mmm, SG 139) oxide was observed in all but the TaTiCr alloy (Fig. 7(b)-7(d)). The Ta4Ti3Cr alloy 

showed peaks coinciding with Ta2TiO7 (I 12/m 1, SG 12). Oxide products will be discussed in detail with 

their corresponding alloys in the following sections. These observations are presented in Table 3. 

  

Table 3: Alloys and oxide products identified using XRD. *Rutile structured oxide (P42/mnm, SG 136). 

Alloy 
Oxide Product 

Cr2O3 (Cr,Ta,Ti)2O4* CrTaO4* CrTiO4* Ta2O5 TaTiO4* Ta2TiO7 TiO2* 

TaTiCr x x 
 

x 
 

x 
 

x 

Ta4Ti3Cr 
 

x 
  

x x x x 

Ta2TiCr 
 

x x 
 

x x 
  

Ta4TiCr3 x x x 
 

x 
   

 

 

Figure 7: XRD spectra captured from the (a) TaTiCr, (b) Ta4Ti3Cr, (c) Ta2TiCr, and (d) Ta4TiCr3 alloys after oxidation at 1200 °C 
for 24 hrs. 

 



3.3.1 TaTiCr Post-Oxidation 

The free surface of the TaTiCr oxide scale (Fig. 8(a)) consisted of a primary TiO2 structure (Fig. 8(a), 

location 1), with sporadically dispersed Cr2O3 clusters (Fig. 8(a), location 2). As shown by the cross-

sectional view in Fig. 8(b), the TaTiCr alloy formed a multi-layered, outer oxide scale that was adherent 

and showed no visible spallation after 24 hours of oxidation. The outer scale thickness was 30μm. Below 

this outer layer, a pronounced internal reacted zone (IRZ) was observed (Fig. 8(b)). The IRZ was 

approximately 170μm thick and visually resembled the starting microstructure (Fig. 3(a)), with the 

addition of a dark, lenticular phase that formed between the Laves and bcc phases. The Laves particles 

near the metal-oxide interface (Fig. 8(c)) contained dark, titanium-rich acicular precipitates (40-60nm 

thick). The center (Fig. 8(d)) of the specimen remained bcc + Laves, with no evidence of oxide formation 

or any secondary effects of oxygen ingress; however, the Laves particles in the alloy core became more 

globular after the high temperature exposure.  

The external oxide scale of the TaTiCr alloy (Figs. 8 and 9(a)) consisted of an outer titanium-rich layer 

(Fig. 9(a), location 1), an intermediate chromium-rich layer (Fig. 9(a), location 2), and an inner layer 

consisting primarily of tantalum (Fig. 9(b)) and titanium (Fig. 9(c)) with a chromium composition gradient 

initiating from the intermediate layer (Fig. 9(d)). Locations 1 and 2 exhibited chemistries consistent with 

TiO2 and Cr2O3, respectively (Table 4). The innermost oxide layer exhibited multiple chemistries 

cascading from the Cr2O3 layer: CrTiO4 (Fig. 9(a), location 3, Table 4), (Cr,Ta,Ti)2O4 (Fig. 9(a), location 4), 

and TaTiO4 (Fig. 9(a), location 5; and Table 5). At the metal-oxide interface, tantalum-rich particles with 

chemistry similar to Ta2O5 (Fig. 9(a), location 6, Table 4) can be found which appear to be prior-Laves 

particles that have reacted after rejecting all chromium and titanium to the oxide scale. In the IRZ, the 

lenticular phase is titanium- and nitrogen-rich with a chemistry similar to TiN (Fig. 9(a), location 7, Table 

4). The chromium-rich particles are unreacted Laves (Fig.9(a), location 8), while the bcc matrix (Fig. 9(a), 

location 9, Table 4) was tantalum -rich due to rejection of titanium from the matrix to form TiN. A Ti-rich 

phase with chemistry consistent with the hcp (α) phase is present near the internal oxidation front of 

the IRZ. These precipitates are likely stabilized by oxygen and nitrogen, which are two well-known α 

stabilizers in commercial titanium alloys [31]. Both oxygen-induced α-stabilization and a decrease in 

titanium solubility in the Laves phase during cooling from 1200°C are likely responsible for the acicular 

precipitates seen in the Laves particles near the metal-oxide interface (Fig. 8(c)), similar to other oxygen-

induced changes to phase stability and solute solubility[32]. The majority of oxygen-enrichment 

remained in the oxide scale, with some oxygen-enrichment seen in the IRZ (Fig 9(e)), most notably 

segregated to Laves particles. Nitrogen-enrichment was exclusively seen in the titanium-rich regions in 

the IRZ (Fig. 9(f)).  



 

Figure 8. Backscatter SEM micrographs of the TaTiCr sample after the oxidation test (24 hours at 1200°C in air). (a) Free surface 
of oxide scale showing (1) TiO2 and (2) Cr2O3 clusters, (b) cross-section showing IRZ and oxide scale, (c) acicular Ti nucleation in 

Laves particle, and (d) unreacted center of the sample. 

 



 

Figure 9. EDS maps of the TaTiCr alloy after 24 hrs of oxidation at 1200°C, showing (a) composite map of the alloying elements, 
 (b) tantalum, (c) titanium, (d) chromium, (e) oxygen, (f) nitrogen content in the alloy. 

 

Table 4. EDS measurements for the observed phases in the TaTiCr alloy after oxidation at 1200°C for 24 hrs. 

Region 
Fig., 
location 

Phase Cr Ta Ti O N 

Free 
Surface 

8(a), 1 TiO
2 9.2 0 26.6 64.2 - 

8(a), 2 Cr2O3 39.1 0.4 0.5 60.0 - 

Externa
l Oxides 

9,1 TiO
2
 3.0 2.4 28.0 66.6 - 

9,2 Cr
2
O

3
  36.5 0.4 2.4 60.7 - 

9,3 CrTiO
4
 7.4 0.1 27.1 65.4  

9,4 (Cr,Ta,Ti)
2
O

4
 13.3 10.2 10.4 66.1 - 

9,5 TaTiO
4
 - 16.2 15.4 68.4 - 

IRZ 9,6 Ta
2
O

5
 0.4 24.7 4.2 70.7 - 

 9,7 Laves 67.0 27.4 5.6 - - 

 9,8 bcc 8.4 65.8 25.9 - - 

 9,9 TiN 2.5 3.5 41.4 - 52.6 

 9,10 hcp  0.5 5.8 79.7 6.3 7.7 



 

3.3.2 Ta4Ti3Cr Post-Oxidation 

As noted previously, the XRD data of the Ta4Ti3Cr scale powder indicated the presence of Ta2O5 and 

Ta2TiO7. Both of these oxides are known to be non-protective oxides in other refractory alloys [33]. The 

free surface of the oxide scale (Fig. 10(a)) was uniform and consisted primarily of rutile TiO2. The Ta4Ti3Cr 

alloy cross section (Fig. 10(b)) shows the formation a thick porous oxide scale, measuring 1.29mm. Near 

the internal oxide-metal interface (Fig. 10(b)), dark, needle-like precipitates grew during the oxidation 

tests with a very fine morphology within the grains (Fig 10(c)). Coarser precipitates were observed along 

grain boundaries (Fig 10(c)), continuing towards the center of the specimen (Fig. 10(d)) and suggesting 

the entire internal area had reacted to some extent. Further, fine Laves precipitates (Fig 10(c)) were 

seen along the coarse grain boundary precipitates near the metal-oxide interface. 

The outer oxide scale of the Ta4Ti3Cr alloy (Fig. 11(a)) consisted of a seemingly repeating structure 

whose morphology transitions to resemble that of the post-oxidation microstructure near the metal-

oxide interface (Fig. 11(b)). The bulk of the oxide consists of three distinct oxide structures. Within this 

figure, location 1 in the scale was measured to have a chemistry consistent with Ta2TiO7 (Fig. 11(a), Table 

5); the Ta-rich “pockets” in location 2 were measured to be Ta2O5 (Fig. 11(a), Table 5), while the 

repeating structure in location 3 was measured to be (Cr,Ta,Ti)2O4 (Fig. 11(a), Table 5). The repeating 

morphology is suggestive of local solute depletion phenomena, causing multiple simultaneous oxidation 

reactions to occur and transition to other oxides as specific constituents are selectively oxidized and 

consumed [29]. Near the oxide-IRZ interface, the scale is primarily tantalum-rich (Fig. 11(b)), with 

titanium-rich (Fig. 11(c)) bands streaking out from the dark precipitates in the metal substrate. Small, 

discontinuous chromium-rich (Fig. 11(d)) regions are dispersed throughout the scale. EDS measurements 

on location 4 revealed that the titanium-rich regions are TiO2, further confirming the XRD observations 

(Fig. 11(a), Table 5). There is a distinct region of oxygen-enrichment (Fig. 11(e)) in the oxide scale directly 

below the nitrogen-rich layer (Fig. 11(f)). Region 5 was measured to be TiN. The dark precipitates in the 

IRZ (Fig. 11(b), location 7) are titanium-rich and are likely oxygen-stabilized hcp, exhibiting 

morphological similarity to α-Ti precipitate structures present in many β-Ti alloys, e.g. Ti-5Al-5Mo-5V-

3Cr (Ti-5553) [31,34,35]. Small Laves precipitates were seen along the grain boundary hcp precipitates 

(Fig. 11(b), location 8, Table 5). Within the IRZ, the bcc matrix remained tantalum-rich; however, the 

titanium content was depleted in comparison to the pre-test composition.  

 



 

Figure 10. Backscatter SEM micrographs of the Ta4Ti3Cr sample after the oxidation test (24 hours at 1200°C in air). (a) Free 
surface of oxide scale showing TiO2, (b) cross-section showing IRZ and (inset) oxide scale after 1-hour oxidation test, (c) needle-

like particles near coarse grain boundary precipitates, and (d) reacted center of the sample showing grain boundary 
precipitation. 

 



 

Figure 11. EDS maps of the Ta4Ti3Cr alloy after 24 hrs of oxidation at 1200°C, showing a composite map of the (a) oxide scale, (b) 
IRZ, (c) tantalum, (d) titanium, (e) chromium, (f) oxygen, (g) nitrogen content in the alloy. 



 

Table 5. EDS measurements for the observed phases in the Ta4Ti3Cr alloy after oxidation at 1200 °C for 24 hrs. 

Region Fig., location Phase Cr Ta Ti O N 

Free 
Surface 

10(a) TiO
2
 4.51 4.86 18.23 72.4 - 

External 
Oxides 

11,1 Ta
2
TiO

7
 0.1 18.7 10.9 69.6  

11,2 Ta
2
O

5
 1.1 23.4 4.5 70.5 - 

11,3 (Cr,Ta,Ti)
2
O

4
 7.9 6.5 18.7 66.9  

11,4 TiO
2
 3.3 6.3 23.2 67.2  

IRZ 

11,5 TiN 2.5 3.5 41.4 - 52.6 

11,6 bcc 8.6 62.9 20.5 8.0 - 

11,7 hcp 2.0 3.9 67.8 23.4 3.0 

11,8 Laves 53.0 35.5 11.5 - - 

 

3.3.3 Ta2TiCr Post-Oxidation 

Consistent with the other alloys, TiO2 was the primary oxide observed on the free surface of the Ta2TiCr 

specimen (Fig. 12(a)), along with CrTaO4 clusters dispersed throughout. The Ta2TiCr alloy formed a thick, 

porous scale with a thickness of 1.15mm, showing a measurable separation from the metal-oxide 

interface (Fig. 12(b)) after 13 hours. The IRZ (Fig. 12(b)) was approximately 150μm thick and was 

morphologically similar to the starting microstructure (Fig. 3(e)), with the addition of a dark precipitate 

phase that formed along the primary and secondary Laves phase boundaries, as well as fine, acicular 

precipitates that grew in the bcc matrix (Fig. 12(c)). The unreacted center of the specimen (Fig. 12(d)) 

remained bcc + Laves, with some coalescence and growth of the primary Laves and dissolution of 

secondary Laves, due to the high temperature exposure. 

Figure 13(a) shows a composite EDS map of the Ta2TiCr oxide scale after a 13-hour oxidation test. The 

external oxide scale consisted of a periodic layered structure of similar morphology to the Ta4Ti3Cr alloy. 

The repeating structure shown in Fig. 13(a), location 1 was measured to be (Cr,Ta,Ti)2O4, with Ta2O5 

pockets (Fig. 13(a), location 2) surrounded by regions of TaTiO4 (Fig. 13(a), location 3, Table 6). Near the 

oxide-IRZ interface (Fig. 13(b)), the scale was mostly tantalum-rich (Fig. 13(c)), with layers of titanium 

enrichment (Fig. 13(d)) and chromium enrichment (Fig. 13(e)). Unlike the previous alloys, oxygen 

remained almost exclusively in the external scale (Fig. 13(f)). At the metal-oxide interface there is a 

slightly nitrogen -rich region with small, titanium -rich particles dispersed throughout (Fig. 13(g)), 

confirmed by EDS to be TiN (Fig. 13(b), location 4). Figure 13(b), locations 5 and 6 show Laves and bcc, 

respectively. Deeper into the IRZ, small Ti-rich precipitates were present within the matrix. These 

particles have chemistry consistent with hcp titanium (Fig. 13(b), location 7, Table 6). Below the nitrogen 

-rich region, a titanium -depleted zone can be seen (Fig 13(d)).  

 



 

Figure 12. Backscatter SEM micrographs of the Ta2TiCr sample after the oxidation test (13 hours at 1200°C in air). (a) Free 
surface of oxide scale showing (1) TiO2 and (2) CrTaO4, (b) cross-section showing IRZ and (inset) oxide scale after 1-hour 

oxidation test, (c) fine matrix and grain boundary precipitates, and (d) unreacted center of the sample. 

 



 

Figure 13. Post-oxidation EDS maps of the Ta2TiCr alloy after 13 hrs of oxidation at 1200°C, showing a composite map of the (a) 
oxide scale, (b) IRZ, (c) tantalum, (d) titanium, (e) chromium, (f) oxygen, (g) nitrogen content in the alloy. 

 



Table 6. EDS measurements for the observed phases in the Ta2TiCr alloy after oxidation at 1200°C for 13 hrs 

Region 
Fig., 
location 

Phase Cr Ta Ti O N 

Free 
Surface 

12(a), 1 TiO
2
 0 1.4 43.8 54.8 - 

12(a), 2 CrTaO
4
 13.2 18.3 2.4 66.1 - 

External 
Oxides 

13, 1 (Cr,Ta,Ti)
2
O

4
 9.2 9.8 11.4 69.6 - 

13, 2 Ta
2
O

5
 0.6 23.7 0.5 75.3 - 

13, 3 TaTiO
4
 5.5 11.3 15.5 67.6 - 

IRZ 

13, 4 Laves 53.0 29.4 17.6 - - 

13, 5 TiN 2.1 10.9 53.6 4.4 29.0 

13, 6 bcc 9.7 62.5 22.4 5.3 - 

13, 7 hcp 2.0 8.2 70.6 19.2 - 

 

3.3.4 Ta4TiCr3 Post-Oxidation 

Unlike the other alloys, the free surface of the Ta4TiCr3 oxide scale was entirely Cr2O3 (Fig. 14(a), inset). 

The wavy, coral-like morphology of the free surface (Fig. 14(a)) is likely the result of oxide rumpling, 

which is generally caused by growth stresses during oxidation testing [36]. Rumpling is also likely 

exacerbated by the expected volatilization of Cr2O3 at 1200°C [29,37]. The cross-section of the Ta4TiCr3 

alloy shows the formation of a thick, porous scale, similar to Ta2TiCr, that lost adhesion with the metal-

oxide interface (Fig. 14(b)) after 24 hours. The scale was measured to be 600µm thick on average. The 

IRZ (Fig 14(b)) was approximately 100μm thick and had similar features as Ta2TiCr, with dark precipitate 

phases that formed along primary and secondary Laves phase boundaries. Dark, globular precipitates 

were also seen in the matrix. Similar to the oxidized TaTiCr alloy, dark, needle-like precipitates were also 

seen in the Laves particles along with noticeable cracking (Fig. 14(c)). The unreacted center (Fig. 14(d)) 

of the specimen remained bcc + Laves, with an increased phase fraction of secondary Laves precipitates 

after oxidation (0.055 → 0.078). 

The surface of the oxide scale (Fig. 15(a)) consisted of a layered structure, with a Cr2O3 outer layer (Fig. 

15(a), location 1), a CrTaO4 middle layer (Fig. 15(a), location 2), and large Ta2O5 structures (Fig. 15(a), 

location 3) above a layer of (Cr,Ta,Ti)2O4 (Fig. 15(a), location 4). This section was separated from the bulk 

oxide (Fig. 15(b)), likely due to the rumpling effects and oxide growth. The bulk oxide scale again 

consisted of a periodic layered structure (Fig. 15(b)) that had similar oxide structures as the surface (Fig. 

15(a)) but with very different morphologies. The majority of the scale consisted of CrTaO4 (Fig. 15(b), 

location 2), with Ta2O5 pockets (Fig. 15(b), location 3) surrounded by small areas of (Cr,Ta,Ti)2O4 (Fig. 

15(b), location 4). Thin bands of Cr2O3 were seen (Fig. 15(b), location 1), indicating the periodicity of the 

scale. Near the surface (Fig. 15(c)), the scale was mostly tantalum -rich (Fig. 15(d)), with layers of 

chromium -enrichment (Fig. 15(f)); while titanium (Fig. 15(e)) was only observed as precipitates in the 

IRZ. The discontinuous chromium -rich regions had a chemistry consistent with Cr2O3 (Table 7). The fine, 

dark globular precipitates in the matrix are likely hcp however further work is needed to fully 

characterize these very small features. The titanium -rich dark precipitates surrounding the Laves 

particles were measured to be TiO2 (Fig. 15(c), location 5), differing from the other alloys. Figure 15(c) 

also shows the presence of bcc (Fig. 15(c), location 6) and Laves (Fig. 15(c), location 7). Similar to the 



Ta2TiCr alloy, there was minimal oxygen (Fig. 15(g)) retention in the metal, and very small dispersions of 

nitrogen (Fig. 15(h)) near the metal-oxide interface. 

 

 

Figure 14. Backscatter SEM micrographs of the Ta4TiCr3 sample after the oxidation test (24 hours at 1200°C in air). (a) Free 
surface of oxide scale showing rumpled Cr2O3 scale, (b) cross-section showing IRZ and (inset) oxide scale after 1-hour oxidation 

test, (c) titanium nucleation in bcc matrix and cracked Laves particles, and (d) unreacted center of the sample. 

 



 

Figure 15. Post oxidation EDS maps of the Ta4TiCr3 alloy after 24 hrs of oxidation at 1200°C, showing a composite map of the (a) 
surface oxide scale, (b) bulk oxide scale, (c) IRZ, (d) Ta, (e) Ti, (f) Cr, (g) O, (h) N content in the alloy. 

 

 

 

 



Table 7. EDS measurements for the observed phases in the Ta4TiCr3 alloy after oxidation at 1200°C for 24 hrs 

Region 
Fig., 
location 

Phase Cr Ta Ti O N 

Free 
Surface 

14(a) Cr
2
O

3
 34.95 0.72 1.7 62.63 - 

External 
Oxides 

15,1 Cr
2
O

3
 38.1 0.3 1.3 60.3 - 

15,2 CrTaO
4
 14.9 15.3 3.2 66.7 - 

15,3 Ta
2
O

5
 0.4 28.3 - 71.3 - 

15,4 (Cr,Ta,Ti)
2
O

4
 10.2 13.0 9.6 67.1 - 

IRZ 

15,5 TiO
2
 5.3 7.7 45.7 41.3 - 

15,6 bcc 5.1 64.6 10.6 - 19.7 

15,7 Laves 62.9 34.8 2.3 - - 

 

4. Discussion 

4.1 Influence of composition on microstructure and oxide products 

All alloys analyzed in this work formed microstructures including bcc + Laves (TaTiCr, Ta2TiCr, and 

Ta4TiCr3) or single-phase bcc (Ta4Ti3Cr). The effect of elemental concentration on the microstructure 

constitution and morphology can be clearly seen throughout this paper, as increasing the overall Cr 

content leads to higher Laves phase fractions. The transition from discontinuous Laves particle 

morphology of alloys with 25-33 at% Cr (0.34-0.49 phase fraction, respectively) to continuous Laves 

morphology of the alloy with the highest chromium concentration of 37.5 at% Cr (0.51 phase fraction) 

(Fig. 3) was observed. Interestingly, the Laves phase composition and the chromium content in the bcc 

matrix both remain relatively constant between alloys (Table 2) while the matrix composition varies 

greatly with the respective Ta:Ti composition ratios (Fig. 16). The TaTiCr alloy exhibited a highly 

titanium-rich matrix; the Ta4Ti3Cr alloy has a tantalum-rich matrix, which likely deviates from the trend 

due to the lack of predicted Laves phase formation, which would absorb a moderate amount of 

tantalum; the Ta2TiCr alloy has a slightly tantalum-rich matrix; and the Ta4TiCr3 alloy has a highly 

tantalum-rich matrix (Fig. 16). The matrix phase compositions and Laves morphologies appear to greatly 

influence oxidation and nitridation products and morphologies.  

 



 

Figure 16: Matrix composition (at%) compared to respective Ta:Ti alloying ratio in each alloy. 

 

In general, as the titanium content in the matrix increases, the coarser the TiN precipitates appear in the 

IRZ after oxidation, manifesting as large, lenticular precipitates in the TaTiCr alloy (Fig. 3(b)), and smaller, 

dispersed precipitates in the Ta2TiCr (Fig. 12(b)) and the Ta4Ti3Cr (Fig. 10(b)) alloys. The Ta4TiCr3 alloy had 

the lowest titanium matrix composition (20.9 at%) and did not produce any TiN in the IRZ (Fig. 14(b)).  

The elemental concentration influences oxide product formation. All alloys except the titanium-lean 

Ta4TiCr3 alloy showed a surface layer of TiO2 on the oxide scale and the chromium -rich alloys (TaTiCr and 

Ta4TiCr3) exhibited a preferable tendency to form Cr2O3. Mixed rutile structures appeared in all alloys, as 

expected from the chosen alloy space explored in this work. The Ta2O5 oxide only appeared in the 

external oxide scale of the alloys containing 50 at% Ta (Ta4Ti3Cr, Ta2TiCr, and Ta4TiCr3); however, a small 

layer was seen at the oxide-IRZ interface in the TaTiCr alloy. The relative similarity in oxide products 

between the alloys in comparison to the large difference in oxidation performance suggests that oxide 

morphology is highly influential in oxidation behavior for these alloys.  

4.2 Oxidation kinetics and oxide morphologies 

The oxidation behavior of the TaTiCr, Ta4Ti3Cr, Ta2TiCr, and Ta4TiCr3 alloys was significantly different, 

pointing to the large influence of composition on the resulting microstructures and oxidation 

performance of alloys in this system. The Ta2TiCr alloy performed the poorest, since it completely 

oxidized after 24 hours. Interestingly, this alloy did not form any protective Cr2O3 and instead formed 

(Cr,Ta,Ti)2O4 and CrTaO4 oxides. Although CrTaO4 has been reported to be highly protective as a 

continuous, adherent scale [5,12,14,23], evidence showed that the discontinuous morphology of the 

oxide in the Ta2TiCr alloy offered very little protection. Additionally, the periodic oxide structure 

contained large amounts of the deleterious Ta2O5. The discontinuous TiN precipitates in the IRZ provided 

little protection within the Ta2TiCr alloy to halt oxygen ingress and therefore interface-controlled 



internal oxidation became the dominant mechanism early on, corroborated by the near-linear oxidation 

kinetics (𝑛 =1.03) observed during the oxidation test. While the Ta4Ti3Cr alloy did not form any 

protective oxides, the through-thickness grain boundary hcp precipitation may have aided in slowing the 

internal oxidation front by increasing tortuosity for diffusion near precipitates. Additionally, the hcp 

phase acts as an O sink or “getter”, leading to selective oxide formation and consumption by reaction 

instead of following interface-controlled diffusion kinetics [29]. The intermediate kinetics (𝑛 = 0.83) 

support the proposed oxidation mechanism by rationalizing the suggested mixed diffusion-controlled 

and interface-controlled oxidation modes. Similar to the Ta2TiCr alloy, the Ta4Ti3Cr alloy did not form any 

protective oxides and exhibited extensive internal oxidation. 

The Ta4TiCr3 alloy experienced multiple oxidation kinetic regimes during the 24-hour test. Unlike the 

other four alloys that formed rutile TiO2 in the outer scale layers, the Ta4TiCr3 alloy first grew a 

protective Cr2O3 scale, responsible for the initial parabolic kinetics (𝑛 = 0.51) during the test due to 

diffusion-limited growth. The continuous Laves phase may have provided protection by increasing 

tortuosity of the oxygen diffusion path, in a similar manner as the lenticular TiN precipitates in the 

TaTiCr alloy. Cr2O3 volatilization was likely occurring for the entire test and, in conjunction with growth 

stresses, resulted in the rumpled, wavy, coral-like surface scale (Fig. 14(a)). When tantalum oxidizes and 

forms Ta2O5, a large volumetric change occurs (Pilling-Bedworth Ratio = 2.47) [38]. The presence of large 

Ta2O5 structures beneath the outer scale in the Ta4TiCr3 alloy is likely the main contributor to the onset 

of the rumpling by deforming the Cr2O3 scale during oxidation [29]. The onset of rumpling creates voids 

between the Cr2O3 scale and the surface of the Ta4TiCr3 alloy, initiating the growth of the discontinuous 

repeating oxide structure of (Cr,Ta,Ti)2O4 and Ta2O5, marking the onset of the second, linear regime(𝑛 = 

1.17). As the periodic structure continued to grow, the growth stresses and volatilization may have 

accumulated until the rumpled scale developed cracks and offered little to no protection, resulting in a 

rapid internal oxidation regime until the end of the test (𝑛 = 3.19).  

Finally, the TaTiCr alloy exhibited the best performance by a sizable margin. Although the oxide scale 

contained similar mixed rutile structures like the other alloys, the scale morphology was continuous, 

adherent, and compact, leading to a higher degree of protection. Interestingly, the protective CrTaO4 

oxide reported elsewhere [5,22] was not seen in the oxide scale, suggesting the cascading rutile oxide 

layer (CrTiO4, (Cr,Ta,Ti)2O4, and TaTiO4) provided a similar level of protection. Recently, Schellert, et al. 

[39] investigated the (Cr,Ta,Ti)2O4 (designated as (Cr,Ta,Ti)O2) in the Ta-Mo-Cr-Ti-Al system and reported 

the nonstoichiometric chemical nature of the oxide through Electron Energy Loss Spectroscopy (EELS). 

The oxide was reported to reduce oxygen ingress by means of cation and have a high thermodynamic 

stability, aiding in oxidation performance. As previously stated, this oxide also aids in oxidation 

performance in the TaTiCr alloy when present in a continuous, compact scale. The semi-continuous 

lenticular TiN particles in the TaTiCr alloy are likely acting as obstacles to oxygen ingress into the 

specimen, due to the tortuous diffusion path imposed by the TiN morphology. The IRZ morphology of 

the TaTiCr alloy may have aided in the growth of a continuous Cr2O3 scale, as this was the only specimen 

with an adherent Cr2O3 layer after 24 hours Additionally, the Laves particles near the surface functioned 

as chromium reservoirs and provided cations to form the Cr2O3 scale, evident by the complete depletion 

of Cr in the prior-Laves particles after oxidation.  

 

4.3 Performance of related alloys 



Comparing the studied the Ta-Ti-Cr alloys to other related RCAs, many similarities can be seen in both 

phases and oxide products. There are, however, large differences in performance between the various 

alloys (Table 8), suggesting morphological effects greatly influence the oxidation behavior, as previously 

discussed. 

The general trends show that Al2O3- and Cr2O3-forming alloys exhibit excellent oxidation resistance; vice 

versa, Ta2O5-structured oxides (Ta2O5 and (Nb,Ta)10O25) tend to have adverse effects on oxidation 

performance. Brady et al. [14] reports that the Cr-10Ta alloy had a near-eutectic microstructure 

consisting of bcc chromium and globular Cr2Ta Laves with excellent oxidation resistance over the course 

of 120 hours by forming a scale consisting of an outer Cr2O3 scale and an inner, compact CrTaO4 layer, 

and an IRZ of mixed Cr-Ta nitrides and metallic bcc Cr. The alloy most similar to the TaTiCr alloy, in terms 

of general morphology and oxide products, is the CrNbTi alloy reported by Butler et al. [3], with a nearly 

identical IRZ to the TaTiCr alloys with coarse lenticular TiN dispersed between Laves particles. 

Additionally, the CrNbTi alloy contained a compact multi-layered scale of an outer TiO2 layer, an 

intermediate Cr2O3 layer, and an inner NbTiO4 layer. Furthermore, Butler et al. [3] stated that the 

CrNbTaTi alloy had a starting microstructure whose morphology was quite similar to the Ta2TiCr alloy 

and, similarly formed a thick, periodic oxide scale containing mixed rutile and Ta2O5-structured oxide 

products. The IRZ for the CrNbTaTi alloy contained coarser TiN particles which likely explains the 

heightened performance compared to the Ta2TiCr alloy, which was completely oxidized after testing. 

The TaMoCrTiAl [21] alloy performed slightly better in oxidation tests than the TaTiCr alloy at the same 

temperature and duration. In addition to Cr2O3, CrTaO4 and TiO2, the compact oxide scale contained a 

protective Al2O3 external oxide layer and an IRZ consisting of lenticular TiN and Al2O3. The common 

material characteristic between the superior performers amongst these alloys at temperatures >1000 °C 

(TaTiCr, Cr-10Ta, CrNbTi, and TaMoCrTiAl) is the internal reacted zone that consists of semi-continuous 

corrosion products (TiN, (Cr,Ta)N, and Al2O3), further supporting the hypothesis that these products aid 

in reducing oxygen ingress and provide a framework for protective, compact external oxides. 

 

Table 8: Oxidation behaviors of concentrated refractory alloys related to the Ta-Ti-Cr system. 

Alloy Condition Phases T,°C Time, h Δm, mg/cm2 Oxide Products 

TaTiCr HIP bcc/Laves 1200 24  7.1 
Cr2O3, CrTiO4, (Cr,Ta,Ti)2O4, Ta2O5, 
TaTiO4, TiO2 

Ta4Ti3Cr HIP bcc 1200 24  124.1 
(Cr,Ta,Ti)2O4, Ta2O5 TaTiO4, 
Ta2TiO7, TiO2 

Ta2TiCr HIP bcc/Laves 1200 24  160.9 
CrTaO4, (Cr,Ta,Ti)2O4, Ta2O5 
TaTiO4, TiO2 

Ta4TiCr3 HIP bcc/Laves 1200 24  71.5 Cr2O3, CrTaO4, (Cr,Ta,Ti)2O4, Ta2O5  

Cr-10Ta 
[14] 

HIP bcc/Laves 1100 120  8 Cr2O3, CrTaO4 

CrNbTi [3] HIP bcc/Laves 1200 24  19.2 Cr2O3, NbTiO4, TiO2 

CrNbTaTi 
[3] 

HIP bcc/Laves 1200 24  61.9 
Cr2O3, Cr2TiO5, 
(Cr,Ta,Ti)2O4,(Nb,Ta)10O25, TaTiO4 

TaMoCrTiAl 
[21] 

Annealed bcc/B2/Laves 1200 24  5 Al2O3, Cr2O3, CrTaO4, TiO2 

 

5. Conclusions 



The oxidation behaviors of the TaTiCr, Ta4Ti3Cr, Ta2TiCr, and Ta4TiCr3 alloys at 1200°C were explored in 

this work. The ternary TaTiCr alloy test results showed far superior oxidation performance than the 

other three alloys, suggesting that microstructure morphology and phase composition play an important 

role on the oxidation behavior for this system. The following key points can be made from the discussed 

results: 

· The Ta-Ti-Cr system consists of a bcc matrix and C15 Laves precipitates. The matrix was 

titanium-rich in the TaTiCr alloy and tantalum-rich in the Ta4Ti3Cr, Ta2TiCr, and Ta4TiCr3 alloys. 

The relative Laves phase fraction is proportional to the chromium content in the alloy, with the 

Ta4Ti3Cr (Cr = 12.5 at%) alloy exhibiting no Laves after HIP, and the Ta4TiCr3 (Cr = 37.5 at%) alloy 

having a Laves phase fraction of 0.52. The Laves morphology was discontinuous and dispersed in 

the alloys containing 25% Cr (Ta2TiCr) and 33% Cr (TaTiCr) and was continuous in the alloy 

containing 37.5% Cr (Ta4TiCr3). 

· The Laves phase compositions and chromium content in the bcc matrix remained relatively 

constant for each alloy; however, the tantalum and titanium content in the matrix varied with 

respect to the Ta:Ti ratio in each alloy. The titanium matrix composition influenced the TiN 

morphology in the IRZ, with the TaTiCr alloy having coarse, semi-continuous TiN precipitates and 

all other alloys having fine, discontinuous precipitates. The TiN and Laves morphology directly 

influenced the oxide scale morphology, manifesting as a compact, multi-layered scale in the 

TaTiCr alloy and periodic, porous scales in the other alloys. 

· The TaTiCr alloy had the slowest kinetics, exhibiting near-cubic kinetic behavior for the entire 

24-hour test. The Ta4TiCr3 alloy was the second-best performer, showing three distinct regimes: 

a near-parabolic regime from 0-9 hours, a linear regime from 9-16 hours, and a higher-rate 

linear regime from 16-24 hours. These three regimes are attributed to oxide rumpling, cracking, 

and subsequent internal oxidation. The Ta2TiCr and Ta4Ti3Cr alloys both displayed near-linear 

kinetics for the duration of the 24-hour test forming thick, porous oxides that showed severe 

cracking. The Ta2TiCr alloy was completely oxidized after 24 hours.  

· After 24 hours at 1200°C the TaTiCr alloy formed a coherent, layered oxide scale consisting of an 

outer layer of TiO2, followed by Cr2O3, and mixed rutile-structured oxides. The IRZ was highly 

complex and contained Ta2O5 at the oxide-IRZ interface in addition to a remnant tantalum-rich 

bcc matrix with semi-continuous TiN and Laves particles with superfine acicular titanium 

precipitates. The Ta4TiCr3 alloy formed a moderately thick scale with an outer layer of Cr2O3 with 

a high degree of rumpling. Beneath the outer Cr2O3 layer, the scale consisted of repeating 

structures similar to the Ta4Ti3Cr and the Ta2TiCr alloys consisting of discontinuous Cr2O3, Ta2O5, 

and mixed rutile oxides. The IRZ of the Ta4TiCr3 alloy contained fine titanium-rich precipitates 

both in the matrix and within the Laves phase, and TiO2 precipitates on the Laves phase 

boundaries. The Ta4Ti3Cr and the Ta2TiCr alloys both formed complex, discontinuous, repeating 

oxide scales that consisted of Ta2O5, Ta2TiO7, and mixed rutile oxides; however, the IRZs for both 

alloys were very different. The Ta4Ti3Cr alloy IRZ wove through the entire specimen and 

consisted of a remnant bcc matrix with fine TiN particles near the metal-oxide interface, coarse 

hcp precipitates at grain boundaries, and fine needle-like hcp precipitates within grains. The 

Ta2TiCr alloy IRZ was similar to the Ta4TiCr3 alloy, with fine hcp precipitates and TiN particles in 

the matrix. 
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