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Abstract 

This paper reports the effects of annealing at 1050°C in an inert atmosphere on the 

microstructures and high temperature oxidation behaviors of Alx(CoCrFeNi)1-x CCAs, where x = 

8, 12, 15, 20, and 30 (at.%) complex concentrated alloys.  In all cases, annealing stabilized multi-

phase microstructures consisting of a combination of BCC, B2, and/or FCC phases with the final 

phase constitution being dependent on the Al content in the alloy.  All the alloys exhibited brief 

periods of transient oxidation, followed by various degrees of parabolic oxide growth.  The as-cast 

alloys, which were observed to predominantly be Cr2O3 formers, oxidation resistance increased 

with increasing Al content.  After annealing, all of the alloys transitioned into Al2O3 formers but 

with increased mass gain up to 20 at.% Al.  Comparison of the experimental results with 

thermodynamic models of alloy phase equilibria and oxidation products suggests that an increase 

in the volume fractions of Al-rich phases near the alloy surfaces as a result of annealing, increases 

oxidation resistance by providing Al reservoirs for the formation of Al2O3.  The oxidation 

mechanisms are discussed relative to existing M-Cr-Al oxide formation models. 
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1. Introduction 

High-entropy alloys (HEAs) and compositionally complex alloys (CCAs) are receiving a 

substantial amount of scientific interest due to their unique microstructures and often 

unprecedented combinations of properties [1-6].  Chemically these alloys, which are composed of 

five or more principal elements (each with a concentration between 5-35 at.%), sit near the centers 

of their respective phase diagrams [6-8].  Relative to entropy, HEAs inherently exhibit high ideal 

configurational entropies of mixing (𝛥𝑆𝑚𝑖𝑥
𝑖𝑑𝑒𝑎𝑙 ≥ 1.5𝑅), where 𝑅 is the ideal gas constant.  This has 

been reported to help facilitate the formation of single phase solid solution crystals with high-

symmetry, face-centered cubic, body-centered cubic and/or hexagonal close packed crystal 

structures as opposed to forming a variety of  ordered intermetallic phases [4].  In CCAs, two or 

more stable phases form, some of which might themselves qualify as HEAs and some of which 

might be ordered intermetallics or other topologically close-packed phases [6,9].  The presence of 

these high temperature secondary phases has profound influences on mechanical and chemical 

properties and widens the engineering potential of CCAs over the more rigid HEA class. 

Unlike many conventional alloys, HEAs are compositionally diverse and can be alloyed 

with high concentrations of protective oxide-forming elements such Al, Cr, and/or Si to promote 

enhanced environmental resistance.  With this in mind, there have numerous reports of enhanced 

oxidation and corrosion resistances in a variety of different HEA and CCA systems [10-27], the 

majority of which are summarized in references [28-33].  Many of these cases report parabolic 

oxide growth kinetics, which is ideal for providing protection from oxidation in high temperature, 

oxidizing environments. 

HEAs have also been reported to display sluggish diffusion in comparison to pure metals 

and less compositionally complex alloys [34-36].  This idea was quantitatively investigated in the 
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work of Tsai et al. [35], who reported the slowed diffusion rates of Cr, Mn, Fe, Co, and Ni in a 

CoCrFeMnNi HEA due to higher activation energies for diffusion in the high-entropy lattice.  This 

work was later analyzed by Beke et al. [36], who suggested that temperature insensitive correlation 

factors, inherent to HEAs due to their compositionally complex lattices, were the more likely cause 

for the observed behaviors.  Regardless of the underlying mechanism, sluggish diffusion would 

certainly aid in the retention of microstructural stability at high temperatures and could potentially 

offer synergistic effects with regards to oxidation mechanisms.  From a design standpoint, all these 

factors make HEAs attractive candidates for use in high temperature applications. 

The present study was initiated to elucidate the influence of annealing on the 

microstructures and high temperature oxidation behaviors of AlCoCrFeNi CCAs.  The 

experimental results are compared with previously published results for as-cast AlCoCrFeNi 

CCAs [37,38], relevant conventional alloys, and existing oxide formation models.  This study 

follows up a preliminary investigation of the post-annealing oxidation behaviors of three alloys 

containing 8, 15, and 30 at.% Al with near equiatomic concentrations of the remaining elements 

[39].  In the current work, thermodynamic modeling via the CALPHAD method has been used to 

substantiate the observed microstructures and oxidation mechanisms. 

2. Materials and Methods 

Five CCAs with the compositions (at.%) of Al8(CoCrFeNi)92, Al12(CoCrFeNi)88, 

Al15(CoCrFeNi)85, Al20(CoCrFeNi)80, and Al30(CoCrFeNi)70 (designated: Al8, Al12, Al15, Al20, and 

Al30) were synthesized into bulk buttons via non-consumable arc-melting on a water-cooled copper 

hearth under an inert argon atmosphere.  To promote homogeneity, each alloy button was flipped 

and re-melted at least five times.  The alloy compositions, as determined using energy-dispersive 
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x-ray spectroscopy (EDS) are shown in Table 1 and were consistent with the target nominal alloy 

compositions. 

Oxidation specimens were cut from the bulk buttons for annealing using a low speed 

diamond saw.  The specimens were approximately 3 mm thick.  The specimens were ultrasonically 

cleaned in baths of acetone, methanol, ethanol, and isopropanol.  Specimens were annealed at 

1050°C for 120 hours in a tube furnace under flowing ultra-high purity (UHP) argon, followed by 

water quenching.   

Microstructural analysis was conducted using a combination of scanning electron 

microscopy (SEM), EDS, transmission electron microscopy (TEM), and x-ray diffraction (XRD).  

EDS was performed in both SEM and TEM modes.  Specimens for TEM analysis were made using 

a variation of the focused-ion-beam (FIB) in situ lift-out method for TEM foil preparation in an 

FEI Quanta 200 3D Dual Beam FIB-SEM [40].  Plan view and cross-sectional images of the 

annealed and oxidized HEAs were captured on a JEOL 7000F SEM in backscattered electron 

(BSE) and secondary electron (SE) modes.  High angle annular dark field (STEM-HAADF) 

images and selected area diffraction patterns (SADPs) were captured on a 200-KeV FEI Tecnai 

G2 F-20 Supertwin scanning-transmission electron microscope STEM.  TEM-EDS data was 

evaluated using FEI ES Vision software with an applied thickness correction [41]. XRD spectra 

were collected from bulk samples using a Philips X’pert™ MPD XRD with Cu-Kα radiation at 45 

kV and 40 mA.   

Specimens were subjected to discontinuous, isothermal oxidation testing at 1050°C under 

ambient laboratory air.  Prior to testing, all specimens were ground with SiC paper to a 1200 grit 

surface finish followed by ultrasonic cleaning.  To quantify the oxidation behaviors, samples were 

manually removed from the furnace during testing and periodically weighed using an Orion Cahn 
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C-34 microbalance (10-6 g sensitivity).  The post oxidation microstructures were investigated using 

the previously defined analytical techniques. 

The annealing temperature of 1050°C used in this study was selected based upon 

thermodynamic model predictions using the CALPHAD method.  This annealing temperature was 

selected to promote the formation of stable two- or three-phase microstructures consisting of 

mixtures of FCC, BCC, and or long-range ordered B2 phases whilst avoiding the formation of 

deleterious TCP phases.  As a primary goal of this investigation was to explore the formation of 

Al2O3, an oxidation temperature of 1050°C was selected because it lies just above the regime 

where Cr volatilization would be expected [42,43].  The modeling of oxidation phase evolution 

was explored at the same temperature using pure oxygen as the oxidant to match TGA test 

conditions.  All calculations were conducted in ThermoCalc™ and utilized the TCNI9 (Ni-based 

superalloy) and TCHEA4 (high entropy alloy) databases.  Additionally, predicted phase 

chemistries and relative phase fractions were compared to those determined experimentally.  The 

experimental phase fractions for each phase were determined in the annealed states using a 2D 

image analysis technique with ImageJ software [44].  The respective phases were quantified into 

areas based on their average atomic number Z contrast.  This was then converted to a three 

dimensional volume fraction through an equivalent spherical volume technique [45]. 

3. Results and Discussion 

3.1 Microstructures and Phase Distributions of the Annealed HEAs 

Figs. 1 through 5 summarize the annealed microstructures, CALPHAD predicted phase 

fractions as a function of temperature, and experimentally determined phase fractions after 

annealing at 1050°C for the five CCAs examined in this study.  Table 1 summarizes the alloy and 

phase compositions observed after annealing.  Not surprisingly, all the alloys consisted of multiple 
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phases with the phase contents and volume fractions being dependent upon alloy composition.  As 

expected, the phases in each sample appeared to be more uniformly distributed after the heat 

treatment.  All the alloys were also found to contain less than 1 vol. % AlN inclusions which were 

attributed to impurities in the starting materials and/or the arc-melting process. 

The annealed Al8, Al12, and Al15 CCAs (Figs. 1-3) were found to consist of two phases; a 

continuous, high atomic number (high-Z) contrast matrix phase (labeled FCC) that encompassed 

a low atomic number (low-Z) contrast precipitate phase (labeled B2).  In general, the precipitates 

exhibited plate-like morphologies and appeared to increase in size and volume fraction with 

increasing Al content.  Chemical and structural analysis in the TEM showed the matrix phase to 

be rich in Co, Cr, and Fe with a disordered FCC crystal structure, and the precipitate phase to be 

rich in Ni and Al with an ordered B2 crystal structure (Figs. 1 – 3 and Table 1).  These observations, 

along with the experimental phase chemistries and volume fractions are consistent with the 

thermodynamic predictions of FCC and B2 phases at 1050°C (Table 1 and Figs. 1(e, f), 2(e, f), 

and 3(e, f)).   

The annealed Al20 HEA was found to consist of three distinct phases (Fig. 4); a semi-

continuous high-Z phase along grain boundaries (labeled FCC), that encompassed multiphase 

regions consisting of a continuous low-Z matrix phase (labeled B2) interspersed with 

discontinuous high-Z and medium-Z contrast regions (labeled BCC + B2).  The high-Z regions 

exhibited the same Z contrast and chemistries as the grain boundary phase; whereas the medium-

Z regions were composed of a higher Z matrix intermixed with low-Z cube shaped precipitates.  

Much like the lower Al content alloys described above, the matrix phase was found to be rich in 

Ni and Al with an ordered B2 crystal structure.  The high-Z grain boundary and precipitate phases 

were found to be extremely rich in Co, Cr, and Fe with disordered FCC crystal structures.  The 
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medium-Z regions were also rich in these elements but were found to consist of a mixture of 

uniform, disordered BCC zones and disordered BCC regions that contained very fine rich B2 

precipitates (Fig. 4(b)).  Similar microstructures have been reported by Wang et al. [46-48] in 

comparable alloys. 

The calculated phase diagram for the annealed Al20 CCA predicts a 1050°C equilibrium 

microstructure consistent with experimental observations, composed of B2 and BCC phases in 

approximately a 3:1 ratio and a 0.7% FCC phase (Fig. 4(g)).  The calculated phase fractions along 

with those predicted via thermodynamic modeling are shown in Fig. 4(h).  The predictions tend to 

correlate well with the calculated volume fractions of each of the three phases.  The 

thermodynamically predicted phase chemistries correlated well with those determined via EDS 

(Table 1).  When comparing the modeling predictions for the Al15 and Al20 CCAs, Figs. 3(e) and 

4(g), it can be inferred that increasing the Al content tends to decrease the fraction of the FCC 

phase, while simultaneously increasing the fraction of the BCC phase.  The FCC phase is almost 

entirely destabilized at ~ 20 at.% Al, which explains the small mole fraction of the FCC phase in 

the Al20 predictions.   

Fig. 5(a) shows a BSE image of the annealed Al30 CCA.  The microstructure consisted of 

a fine-scale, high-Z Cr+Fe rich phase (labeled BCC) with a dispersion of low-Z, Ni+Al-rich phase 

(labeled B2).  The structures were investigated using TEM, as shown by the STEM-HAADF image 

and SADPs in Figs. 5 (b)-(d).  Like the Al20 CCA, the low-Z matrix phase was uniform and 

exhibited a B2 structure.  The high-Z phase was composed of a disordered BCC matrix and 

contained regions occupied by nano-scale Ni+Al-rich B2 precipitates (Fig. 5(b)).  In addition, the 

precipitates were not adequate in size for routine electron diffraction identification.  However, 

these precipitate distributions are consistent with those observed by Wang et al. [46-48]. 
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Fig. 5(e) shows the calculated phase diagram for the Al30 CCA.  At 1050°C, the Al30 CCA 

is predicted to have an equilibrium microstructure consisting of a mixture of B2 and BCC phases 

in nearly a 4:1 ratio.  The calculated phase fractions, along with those thermodynamically 

predicted, are shown in Fig. 5(f).  The predicted stable phases and phase fractions are fully 

consistent with those observed experimentally.  Additionally, the thermodynamically predicted 

phase chemistries were also consistent with those determined via SEM-EDS, as shown in Table 1. 

3.2 Post Oxidation Microstructures 

To elucidate the influence of annealing on the active oxide formation mechanisms, the post 

oxidation microstructures of the annealed CCAs were investigated and compared with recent 

results for cast alloys with the same compositions [37,38].  In contrast to the as-cast alloys, all the 

annealed alloys exhibited a high degree of oxide scale spallation during oxidation testing.  Figs. 6 

and 7 show representative BSE images of the oxidized microstructures after 50 hours at 1050°C 

in air.  As-cast alloys formed continuous, external Cr2O3 scales with underlying Al2O3 scales, as 

shown in Figs. 6(a)-(e).  The morphology of the internal Al2O3 scale was found to be highly 

dependent on the relative Al concentration in the alloy.  The as-cast Al8 CCA formed an 

intermediate metal layer under the outer Cr2O3 scale followed by a discontinuous internal Al2O3 

scale, as shown in Fig. 6(a).  The as-cast Al12 and Al15 CCAs formed a semi-continuous internal 

Al2O3 scale directly beneath the outer Cr2O3 scale.  The highest Al content alloys (as-cast Al20 and 

Al30) tended to form fully continuous internal Al2O3 scales, which should inherently exhibit the 

most superior oxidation resistances.  This evolution of Al2O3 scale morphology is shown 

schematically in Fig. 6 (f).  With increased Al content, the continuity of the internal Al2O3 scale 

increases, until it becomes entirely continuous at high Al concentrations.  Some AlN precipitates 

were also detected near the internal Al2O3 scales.  Krupp et. al [49] observed a similar formation 
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of nitrides during the oxidation of single-crystal nickel-based superalloys in air.  Additionally, 

these post oxidation microstructures are also comparable to those observed in the works of Hall et 

al. [50] on the oxidation of model FeNiCrAl alloys at 900°C and Zhang et al. [13] on the oxidation 

behavior of Al0.5FeCoCrNi and Al0.5CoCrFeNiSi0.2 HEAs. 

The annealed CCAs were found to display vastly different oxidation mechanisms than the 

as-cast HEAs.  Fig. 7 shows representative BSE images of the annealed CCAs after 50 hours at 

1050°C in air.  In all cases, the annealed alloys formed external Al2O3 scales.  As depicted in Figs. 

7 (a)-(d), the annealed Al8, Al12, Al15, and Al20 alloys also formed an underlying spinel phase that 

contained nearly equal amounts of Co, Cr, and Fe.  Interestingly, this spinel phase was not observed 

in the annealed Al30 HEA, as shown in Fig. 7 (e).  The oxidation mechanisms for the annealed 

CCAs are shown schematically in Fig. 7 (f).  In general, the annealed CCAs were found to exhibit 

external Al2O3 scales with underlying spinel phases up to ~20 at.% Al.  However, the annealed 

alloys containing higher Al concentrations exclusively formed Al2O3.  It is proposed that the Al2O3 

forms first, which then leads to an Al depleted zone beneath the scale with prolonged oxidation 

time.  This depleted zone eventually reaches a minimum concentration below what is required to 

sustain the growth of Al2O3, thus facilitating the formation of the underlying spinel phase.  This is 

likely preferred due to the presence of high concentrations of Fe, Co, and Cr in these regions.  This 

can be visualized in Fig. 8, which shows a plot of the Al content in the depleted zones versus Al 

content in each of the CCAs.  As expected, the Al content in the Al8, Al12, Al15, and Al20 alloys is 

very low (less than 4 at.%).  In contrast, the measured Al content in the Al30 depleted zone is more 

than 5 at.% higher.  For reference, the range of minimum Al concentrations required for the 

formation of Al2O3 formation in Ni-Cr-Al alloys is shown (approximately 5-8 at.% Al).  It is not 

too surprising that the spinel phase was not observed in the annealed Al30 alloy during the oxidation 



10 

 

exposure period.  It is also expected that the oxidation resistance of the annealed Al30 alloy should 

be far superior in comparison to the other annealed alloys.  

The 50 hours oxidized phase structures of the as-cast and annealed CCAs were investigated 

using XRD, as shown in Figs. 9 (a) and (b), respectively.  Patterns were collected in plan-view 

from the free surfaces of the oxidized samples.  As expected, the as-cast alloys displayed peaks 

associated with FCC, BCC/B2, Cr2O3, and Al2O3 phases.  Similarly, the annealed alloys contained 

peaks primarily from FCC, BCC/B2, Al2O3, and spinel phases.  There were also some peaks 

associated with Cr2O3 observed in the annealed HEAs.  These structural observations are 

consistent with the microstructural SEM and TEM findings. 

3.3 Thermodynamically Predicted Oxides 

Thermodynamic modeling is versatile tool in novel alloy development since it has the 

potential to reduce the number of necessary experiments.  There are many studies in the literature 

that assess the usefulness and merit of CALPHAD based thermodynamic models for predicting 

the phases that will form in HEAs and CCAs [51-54].  This work utilizes the same thermodynamic 

approach with ThermoCalcTM to predict the thermally grown oxides that form on the annealed 

CCAs.  The methodology is based on the work of Klein et al. [55], who examined the oxide 

formation in Co-Al-W superalloys.  They were able to predict stable phases, including oxides, at 

high temperatures by isothermally varying oxygen activity with a set alloy chemistry and 

observing the system at an equilibrium state.  This simulates the phases that could form during 

oxidation testing at high temperatures.  When the oxygen activity is high, the outermost surface 

scale of the oxidized alloy is mimicked.  Similarly, as the oxygen activity is periodically decreased, 

one is merely simulating the phases that could potentially form deeper into the alloy where much 

less oxygen is present.  Salam et al. [56] used a similar approach to investigate CoNiCrAlReY 
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alloys.  This does not take into effect the local composition variation and depletion due to selective 

oxidation but provides a reasonable estimate of global oxidation phenomena. 

Figs. 10, 11, and 12 show BSE images of the annealed CCAs after 50 hours of oxidation, 

along with thermodynamically calculated phase diagrams depicting the stable phases at 1050°C 

with varied oxygen activities.  For reference, the BSE images are rotated 90 degrees clockwise in 

order to be consistent with the thermodynamic plots (left side: alloy; right side: outer oxide).  For 

all the oxidized alloys, a similar distribution of phases was predicted, as shown in Figs. 10(b), 

11(b), and 12(b).  The inner alloys near the surface (lowest oxygen activities) were predicted to 

consist of FCC + B2 phases for the Al8 − Al15 HEAs, and a mixture of BCC + B2 phases for the 

Al20 − Al30 HEAs.  These predictions are consistent with the phase diagrams shown in Figs. 1-5.  

As the oxygen activity is increased from ~10-14 to 10-8, a combination of Al2O3 + FCC phases are 

predicted to form for all the alloys, including those with little to no FCC phase (Al20 and Al30.  At 

high oxygen activities (> 10-8) a mixture of spinel and halite phases is predicted to form for the 

Al8, Al12, Al15, Al20 and Al30 HEAs.  As anticipated, the predictions show an increased phase 

fraction of Al2O3 with higher Al content.  Interestingly, the relative range (i.e., simulated depth 

into the alloy) of Al2O3 formation with varied oxygen activity remains nearly constant for all the 

CCAs (~10-14 to 10-8) as seen in Fig. 13(a).  In contrast, the spinel phases for the Al8, Al12, Al15, 

and Al20 alloys rise sharply to equilibrium at nearly the same oxygen activity (~10-8) while the Al30 

alloy shows a much more gradual increase in spinel phases with the static equilibrium being 

achieved a full magnitude of oxygen activity higher (~10-7), albeit at a higher mole fraction (Fig. 

13(b)).  This early mole fraction contribution is from the CoCrAlO rich spinel while the secondary 

NiFeO spinel stabilizes around ~10-5 and is nearly identical for all compositions.  This higher 

barrier for formation may be the cause for the Al30 samples lack of spinel layer. 
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As described in section 3.2, a mixture of Al2O3 and spinel phases were experimentally 

observed for nearly all the annealed CCAs, with no spinel detected in the Al30 alloy.  The 

thermodynamic models do predict the formation of an outer spinel with an internal sublayer of 

Al2O3, but the experimental observations show that Al2O3 tended to form externally, while the 

spinel phase generally formed internally.  The predicted halite phases were not experimentally 

observed in any of the cases but may have formed during the initial stages of oxidation and either 

transformed or potentially spalled off.  However, these discrepancies can be explained by a lack 

of kinetics and local chemistry changes in the model.  Diffusion plays a key role in determining 

the oxide products during prolonged oxidation, which in some cases may not be representative of 

an equilibrium microstructure, as predicted by the model in this work.  Similarly, mass transport 

of atomic species readily occurs during oxidation, leaving Al and/or Cr lean depleted zones 

beneath the outer scales of Al2O3 and Cr2O3 formers, respectively.  Using previously measured 

depleted zone (D.Z.) alloy chemistries the same oxidation profiles were calculated to observe 

changes in the equilibrium phases [38]. While there appeared to be no appreciable change to the 

spinel forming region, the corundum forming regions of each alloy had a substantial shift (Fig. 

14). A decrease in mole fraction of alumina was observed for each alloy, including the Al30 

specimen, to below that of the lowest aluminum containing base alloy (B.A.). For the Al8 and Al12 

samples, less than 0.02 mole fraction of alumina was predicted over the entire oxygen activity 

range. While the chromia forming region was less effected by depletion, the mole fraction still 

decreased for each alloy. This seems to confirm the belief that as local aluminum depletion occurs 

during oxidation, there is simply not a large enough region of stability of alumina to keep forming 

protective oxide scales.  Combining data from the base alloy and depleted zone, ThermoCalc 

predictions allow for the creation of an oxidation road map which may help describe the initial 
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stages of oxidation, as well as where the equilibrium is shifting towards as oxidation progresses 

(Fig. 15).  While more simultaneous calculations would improve these predictions, the results of 

this work show that thermodynamics-based models still serve as useful guides in predicting oxide 

formation in compositionally complex alloys. 

3.4 Oxidation Behaviors 

To quantitatively address the influence of annealing on the oxidation behaviors, mass 

measurements were taken periodically during the oxidation testing of the as-cast and annealed 

CCAs, as shown in Figs. 16(a) and (b), respectively.  All the CCAs displayed some level of initial 

transient oxidation (typically between 1-5 hours) followed by various degrees of protective, 

parabolic oxide growth.  This behavior is typical of model Ni-Cr-Al alloys and some wrought Ni-

based superalloys [57,58].  Several of the as-cast CCAs appeared to statistically plateau after 

around 10-20 hours, likely indicating the strong volatilization of Cr2O3 [43].  The as-cast alloys 

also exhibited a strong dependence of Al concentration on the relative mass changes, as shown in 

Fig. 16(a).  In general, increasing the Al concentration was observed to enhance the oxidation 

resistances by reducing the observed total mass gain during oxidation.  Microstructurally, higher 

Al concentrations in the as-cast CCAs facilitated an increase in the continuity of the internal Al2O3 

scale, which is known to improve the oxidation resistances of model Ni-Cr-Al alloys [58]. 

For the annealed CCAs, Fig. 16(b), the magnitudes of the mass changes were comparable 

to those in the as-cast CCAs.  The differences in the relative differences in mass change for alloys 

containing 8 to 20 at.% Al were smaller than their as-cast counterparts, but their total mass gains 

had some hierarchical structure with the lowest Al content alloys exhibiting larger mass gains than 

their more concentrated counterparts.  In terms of microstructure, the as-cast alloys solidified with 

a higher volume fraction of FCC phase than would be expected under equilibrium conditions, 
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which is likely to exclusively form external Cr2O3 [38].  During annealing, as the equilibrium 

volume fraction of Ni+Al-rich B2 phase is obtained, these regions act as Al reservoirs, forcing 

competition between the two stable oxides, resulting in external Al2O3 growth with underlying 

spinel.  In contrast, the Al30 HEA displayed post-annealing mass gains that were virtually identical 

to those in as-cast alloy.  This alloy additionally did not form an underlying spinel during the total 

oxidation exposure time.  This is attributed to the presence of higher volume fractions of Ni+Al-

rich B2 phase in both conditions which promoted the formation of a more continuous Al2O3 

subscale in as-cast alloys and in a continuous external Al2O3 scale after annealing [23,38]. 

In general, the annealed alloys displayed longer adherences to parabolic oxide growth (up 

to ~ 80 hours of oxidation), which can likely be attributed to the absence of Cr2O3 in the oxide 

scales.  The calculated parabolic oxide growth constants (kP), along with their respective adherence 

times, are shown in Table 2 for the as-cast and annealed CCAs.  In the cases where multiple stages 

of oxidation were observed, additional parabolic oxide growth rate constants were determined.  All 

the rate constants were in the range of (~10-11 to 10-13).  Only small differences in kP were observed 

between the as-cast and annealed alloys.  This is somewhat surprising, since the oxidation 

mechanisms were quite different between the two conditions.  However, the observed oxidation 

behaviors are favorable and indicate that all the CCAs in this study display some degree of 

oxidation resistance. 

3.5 Comparison with Model M-Cr-Al Oxide Formation Models 

The oxidation behaviors of the CCAs in this work share distinct similarities with those 

observed in model M-Cr-Al alloys, where M = Ni, Fe, and Co [58-62].  Depending on the specific 

alloy chemistry, a variety of different oxidation mechanisms can occur [58,59].  Stott et al. [59] 

deduced a total of eight different oxidation mechanisms when comparing the oxidation behavior 
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of all three alloy systems, ranging from exclusive α-Al2O3 formation in type 1, to a combination 

of outer MO/M2O3 scales with underlying complex (M+Cr+Al) oxides in type 8.  The as-cast 

CCAs in this study tended to oxidize in manner consistent with type 2 and/or type 3 mechanisms.  

For type 2 oxidation, an external Cr2O3 scale forms with an underlying continuous subscale of 

Al2O3, accompanied by some internal Al2O3 precipitates.  This behavior correlates well with the 

as-cast high Al content CCAs (≥ 15 at.%).  Similarly, type 3 oxidation occurs by the formation of 

an outer Cr2O3 scale with internal, discontinuous Al2O3 precipitates.  This closely matches the 

oxidation behavior in the as-cast low Al content CCAs (< 15 at.%).  As for the annealed CCAs, all 

the observed oxidation behaviors appear to be a variation of type 1 since they all form an outer 

scale of α-Al2O3.  However, as was previously described, nearly all of the annealed CCAs also 

formed underlying spinel phases, which are not adequately described by such models. 

Giggins and Pettit also proposed oxide formation mechanisms for the Ni-Cr-Al system, 

which are established into three distinct groups [58].  Group I alloys form a combination of NiO 

and spinel phases due to dilute concentrations of both Cr and Al.  Group II alloys, with high 

concentrations of Cr and dilute amounts of Al, form external Cr2O3 scales with internal, 

discontinuous subscales of Al2O3.  The most oxidation resistant alloys, Group III, form continuous 

external Al2O3 scales with or without minor Cr2O3.  These three groups are shown plotted on a 

schematic oxide formation map in Fig. 17(a), along with the relative chemical locations of the 

CCAs in this study [58,62-64].  For comparison with the Ni-Cr-Al system, Fe+Co+Ni are 

combined into one term.  In general, all the CCAs tend to sit in Group III.  However, the Al8 and 

Al12 alloys sit near the boundary between Groups II and III.  Microstructurally, the low Al content 

( 15 at.%) as-cast CCAs oxidized in a manner consistent with model Group II Ni-Cr-Al alloys.  

These alloys formed an outer Cr2O3 scale with an underlying, discontinuous Al2O3 scale.  As for 
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the high Al content as-cast CCAs, the oxidation behavior tended to follow Group III behavior.  

These alloys formed a continuous Al2O3 scale below an outer Cr2O3 scale.  For the annealed CCAs, 

all the post oxidation microstructures were similar to Group III behavior, with the formation of a 

continuous, external Al2O3 scale.  These alloys also formed an internal spinel, which is inconsistent 

with Ni-Cr-Al oxide formation models.  However, spinel phases of this type commonly form on 

the outermost surfaces during the initial transient stages of oxidation in Ni-Cr-Al alloys [58]. 

Quantitatively, the calculated kP values for the as-cast and annealed CCAs in this study are 

also consistent with those observed for model Group II and Group III Ni-Cr-Al alloys [58].  The 

kP values are shown plotted in Fig. 17(b), along with the respective ranges for both model Group 

II (Cr2O3 formers) and Group III (Al2O3 formers).  The low Al content alloys (< 20 at.%) tend to 

sit in Group III, while the high Al content alloys (≥ 20 at.%) sit in the transition zone between 

Groups II and III.  These similarities show the usefulness and merit of existing oxide formation 

models for predicting the oxidation behaviors of more compositionally complex alloys. 

3.6 Comments on Annealing, Modeling, and Oxidation Tendencies 

Annealing was found to stabilize multiphase microstructures for all the alloys.  This 

included a mixture of FCC, BCC, and/or B2 solid solution phases depending on the alloy 

chemistries.  The experimentally determined phase fractions and phase chemistries were, in 

general, consistent with those predicted via thermodynamic modeling.  This demonstrates the merit 

and usefulness of thermodynamic models for predicting the behavior of compositionally complex 

alloys.  This may infer that the annealed CCAs are near an equilibrium state, seemingly unhindered 

by slow diffusion. Therefore, the true extent of the proposed sluggish diffusion in CCAs remains 

unknown. 
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Pre-annealing the CCAs before oxidation testing vastly modified their oxidation behaviors 

in comparison to the as-cast alloys.  During oxidation, the as-cast alloys first formed an external 

scale of Cr2O3.  This was followed by the formation of internal Al2O3 with various degrees of 

continuity depending on the alloy chemistry and oxidation time.  As previously explained, this 

mechanism is analogous to the sequential oxidation behavior in model Ni-Cr-Al alloys.  It is not 

surprising that the as-cast CCAs displayed a strong dependence between Al content and overall 

oxidation resistance.  However, this was observed to promote limited adherences to parabolic 

oxide growth, and in some cases the mass change curves displayed plateaus and even negative 

deviations with prolonged oxidation testing likely due to the volatilization of Cr2O3.  In contrast, 

annealing of the CCAs was found to increase the fraction of Ni+Al-rich B2 phase, which likely 

promoted a higher surface area of Al-rich phase at the free surface during oxidation.  This changed 

the oxidation mechanism by providing an Al-reservoir to facilitate the formation of Al2O3 first 

during oxidation.  This was later followed by the formation of a spinel beneath the external Al2O3 

scale in all the annealed CCAs, aside from the Al30.  As described previously, below the external 

Al2O3 scale, the localized depletion of Al and the presence of high concentrations of Fe, Co, Cr, 

and Ni promoted the stability of the observed spinel phase.  Correspondingly, it is suggested that 

the spinel phase was not experimentally observed in the annealed Al30 HEA due to the high Al 

content and insufficient depletion of Al beneath the external Al2O3 scale, Fig. 8.  The external 

Al2O3 scale formation in the annealed CCAs promoted extended adherences to parabolic oxide 

growth, with little variability in mass changes up to 20 at.% Al.  However, the annealed Al30 HEA 

displayed much better oxidation resistance.  This is due to the high Al content, which promoted 

exclusive Al2O3 formation.  
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In general, thermal annealing promoted the development of microstructures containing 

more uniform phase distributions, making the annealed alloys less susceptible to aberrations in 

oxidation behavior and mechanical properties than their as-cast or as as-sintered counterparts 

[65,66].  Similar observations have been made regarding the influences of phase distributions, in 

particular Ni+Al-rich-B2 phases, on the aqueous corrosion behaviors of AlCoCrFeNi and 

Al0.3CoCrFeNi alloys [67,68].  The present study, like our prior work, used arc melted alloys which 

had very large starting grain sizes.  New processing methods such as powder metallurgy with spark 

plasma sintering, cold-spray deposition, and friction-stir related processing may prove beneficial 

for altering or grain size and phase distributions (see [33,69-73]); however, our results suggest that 

a proper heat treatment will still be required to fully optimize the phase distributions to deliver 

improved and consistent oxidation resistance. 

Thermodynamic models were utilized to predict the oxide formation in the annealed CCAs.  

The specific method employed in this work was derived from the work of Klein et al. [55] on Co-

Al-W superalloys.  In general, the predicted phases were like those observed experimentally, 

including the formation of Al2O3 and spinel phases.  The thermodynamic predictions also captured 

an increased phase fraction of Al2O3 scales with higher Al concentrations.  Interestingly, the range 

of Al2O3 phase stability appears to be constant regardless of the HEA chemistry (oxygen activity: 

~10-14 to 10-8).  The model also predicted several spinel phases and halite, which were not fully 

consistent with the experimental observations.  It is essential to remember that these predictions 

are based solely on thermodynamic quantities and lack any kinetic contributions.  Furthermore, 

the models have not yet been adapted to dynamically consider localized chemistry changes (i.e. 

depleted zones), which can vastly change the equilibrium phases.  Computing the oxidation phase 

diagrams while incorporating the chemistry changes that occur beneath the alumina layer during 
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oxidation may clarify the reaction pathway and improve predictability. While there is still much 

to improve upon this work does demonstrate the usefulness and merit of models based exclusively 

on thermodynamic factors for predicting the oxidation behaviors of AlCoCrFeNi based CCAs. 

One of the primary goals of this work was to examine and potentially predict the oxidation 

behavior of AlCoCrFeNi based CCAs.  As described in section 3.5, the post oxidation 

microstructures compare relatively well with those developed by Stott et al. [59] and Giggins and 

Pettit [58] for conventional M-Cr-Al (M = Ni, Co, Fe) alloys.  This demonstrates that existing 

oxide formation models for simple, well-developed alloy systems have an immense applicability 

to compositionally complex HEA systems.  It is predicted that HEA systems consisting of various 

other elements should have compatibility with relevant oxide formation models based on simple 

alloys with like compositions.  This work also demonstrates that AlCoCrFeNi based CCAs tend to 

selectively oxidize to form Al2O3 and/or Cr2O3 when alloyed with sufficient quantities of Al and 

Cr.  Thus, from a materials design standpoint, CCAs should be able to be chemically modified to 

facilitate the formation of microstructures adequate for mechanical loading, while also maintaining 

a high degree of oxidation/corrosion resistance. 

4. Conclusions 

This work examined the effect of annealing on the microstructures and high temperature 

oxidation behaviors of Alx(CoCrFeNi)1-x CCAs, where x = 8, 12, 15, 20, and 30 (at.%).  The 

following key points can be made: 

1)  Annealing at 1050°C for 120 hours promoted multi-phase microstructures in all the CCAs.  

In general, the low Al content CCAs ( 15 at.%), formed a combination of FCC and B2 

phases, while the high Al content CCAs (≥ 20 at.%) formed a mixture of BCC and B2 

phases.  The Al20 HEA was the only three-phase alloy and formed BCC, B2, and FCC 
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phases.  Higher Al concentrations tended to destabilize the FCC phases and lead to 

increased phase fractions of both BCC and B2 phases.  The experimentally determined 

phase fractions and chemistries were generally consistent with those predicted by 

CALPHAD based thermodynamic models using the TCHEA4 database. 

2) All of the CCAs were subjected to discontinuous, isothermal oxidation tests at 1050°C and 

displayed initial transient oxidation (typically between 1-5 hours), followed by various 

levels of parabolic oxide growth.  The alloys oxidized from as-cast states formed outer 

Cr2O3 scales with underlying Al2O3 scales.  The alloys oxidized from annealed states 

tended to form a combination of external Al2O3 scales with internal spinel phases.  The 

post oxidation microstructures were found to be similar to those predicted by the oxide 

formation mechanisms proposed by Stott et al. [59] for M-Cr-Al alloys (where M = Ni, Co, 

and Fe) and those proposed by Giggins and Pettit [58] for model Ni-Cr-Al alloys.  The 

thermodynamically predicted oxides were not completely consistent with those observed 

experimentally.  It is expected that a higher degree of consistency will be obtained once 

kinetic components and localized chemistry changes can be implemented in the model.  

However, the models can still provide useful insight when developing compositionally 

complex alloys for oxidizing environments. 

3) The oxidation behaviors of the CCAs in this work are favorable and indicate various 

degrees of oxidation resistance.  The calculated parabolic oxide growth constants (kP) for 

the as-cast and annealed alloys correlated well with those observed for Group II and Group 

III model Ni-Cr-Al alloys.  Unlike the annealed alloys, the Al concentration in the as-cast 

HEAs had a significant impact on the relative oxidation behaviors.  Increased Al contents 

tended to lower the overall mass change curves.  However, the order of magnitude of the 



21 

 

mass changes between corresponding as-cast and annealed CCAs was nearly the same.  

There were only minute differences in kP values observed between as-cast and annealed 

states.  In all cases, annealing stabilized the microstructures and promoted the formation of 

an external continuous α-Al2O3 scale.  The annealed CCAs also exhibited longer 

adherences to protective, parabolic oxide growth. 

4) This work demonstrates the immense applicability of conventional oxide formation models 

for predicting the oxidation behavior in CCAs.  It is predicted that the oxidation behaviors 

in other HEA systems may share close similarities with existing oxide formation models 

derived from relevant and compositionally simple alloys. 
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Figure 1.  Figure 1.  Representative BSE and STEM-HAADF images of the annealed Al8 CCA 

(a)-(b) along with corresponding SADPs taken from each respective phase (c)-(d); 

thermodynamically calculated phase diagram for the Al8 HEA using the TCHEA4 database in 

ThermoCalc (e); and bar plot of the predicted phase fractions along with those determined 

experimentally (f). 
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Figure 2.  Representative BSE and STEM-HAADF images of the annealed Al12 CCA (a)-(b) along 

with corresponding SADPs taken from each respective phase (c)-(d); thermodynamically 

calculated phase diagram for the Al12 HEA using the TCHEA4 database in ThermoCalc (e); and 

bar plot of the predicted phase fractions along with those determined experimentally (f). 
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Figure 3.  Representative BSE and STEM-HAADF images of the annealed Al15 CCA (a)-(b) along 

with corresponding SADPs taken from each respective phase (c)-(d); thermodynamically 

calculated phase diagram for the Al15 HEA using the TCHEA4 database in ThermoCalc (e); and 

bar plot of the predicted phase fractions along with those determined experimentally (f). 
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Figure 4.  Representative BSE and STEM-HAADF images of the annealed Al20 CCA (a)-(b) along 

with corresponding SADPs taken from each respective phase (c)-(f); thermodynamically 

calculated phase diagram for the Al20 HEA using the TCHEA4 database in ThermoCalc (g); and 

bar plot of the predicted phase fractions along with those determined experimentally (h). 
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Figure 5.  Representative BSE and STEM-HAADF images of the annealed Al30 CCA (a)-(b) along 

with corresponding SADPs taken from each respective phase (c)-(d); thermodynamically 

calculated phase diagram for the Al30 HEA using the TCHEA4 database in ThermoCalc (e); and 

bar plot of the predicted phase fractions along with those determined experimentally (f). 

  



33 

 

 
 

Figure 6.  Cross-sectional BSE images of the as-cast Al8, Al12, Al15, Al20, and Al30 CCAs after 50 

hours of oxidation at 1050°C in air (a)-(e), respectively; schematic of oxidation mechanisms for 

the as-cast CCAs (f). 
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Figure 7.  Cross-sectional BSE images of the annealed Al8, Al12, Al15, Al20, and Al30 CCAs after 

50 hours of oxidation at 1050°C in air (a)-(e), respectively; schematic of oxidation mechanisms 

for the as-cast CCAs (f). 
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Figure 8.  Plot of Al concentration in the depleted zones of the annealed / oxidized CCAs versus 

Al content in the Alloy.  The respective window for the minimum concentration of Al required for 

Al2O3 formation in Ni-Cr-Al alloys is also shown. 
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Figure 9.  XRD patterns captured from the as-cast (a) and annealed CCAs (b) after 50 hours of 

oxidation at 1050°C in air. 
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Figure 10.  90° Clockwise rotated BSE images of the annealed Al8 and Al12 CCAs after 50 hours 

of oxidation (a) and (c), respectively; along with thermodynamically calculated 1050°C isothermal 

phase diagrams for the Al8 and Al12 CCAs with varying oxygen activities (b) and (d), respectively.  

The calculations were performed using the TCNI9 Ni-based superalloys and TCHEA4 High 

Entropy Alloy databases in ThermoCalc. 
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Figure 11.  90° Clockwise rotated BSE images of the annealed Al15 and Al20 CCAs after 50 hours 

of oxidation (a) and (c), respectively; along with thermodynamically calculated 1050°C isothermal 

phase diagrams for the Al15 and Al20 CCAs with varying oxygen activities (b) and (d), respectively.  

The calculations were performed using the TCNI9 Ni-based superalloys and TCHEA 4 High 

Entropy Alloy databases in ThermoCalc. 
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Figure 12.  90° Clockwise rotated BSE image of the annealed Al30 CCAs after 50 hours of 

oxidation (a) along with a corresponding thermodynamically calculated 1050°C isothermal phase 

diagram with varying oxygen activity (b).  The calculation was performed using the TCNI9 Ni-

based superalloys and TCHEA 4 High Entropy Alloy databases in ThermoCalc 
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Figure 13. Comparison of corundum ((Al+Cr)2O3) (a) and combined spinel phases (b) formation 

range between each alloy composition with dashed lines bounding the activity of oxygen required 

for initiation. Spinel #1 and Spinel #2 are nominally CoCrAlO and NiFeO, respectively. 
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Figure 14.  Comparative graph of corundum forming region for each alloy with B.A. designating 

base alloy compositions and D.Z. designating chemistries found in the depleted zone of each alloy. 
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Figure 15.  Predicted oxide road maps with base alloy composition represented by solid lines and 

the depleted alloy composition represented with dashed lines. A) Al8, B) Al15, C) Al20, D) Al30. 
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Figure 16.  1050°C oxidation mass change curves (normalized by surface area) as a function of 

time for the as-cast (a) and annealed (Ann) CCAs (b). 
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Figure 17.  Schematic oxide formation map (a) along with the respective compositions of the 

CCAs in this study; and log plot of the parabolic oxide growth rate constants (kP) for the CCAs in 

this study versus 104/T.  For reference the corresponding regions observed for model Group II and 

Group III Ni-Cr-Al alloys is also shown. 
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Table 1.  Overall compositions of the CCAs and the respective phase chemistries after annealing for 120 hr/1050°C determined via SEM-EDS (at.%).  

The thermodynamically predicted phase chemistries at 1050°C using the CALPHAD method are also shown for comparison. 

 

Alloy Phase Al Ni Co Cr Fe 

Al8 Overall 8.2 ± 0.2 22.2 ± 0.5 22.8 ± 0.2 24.0 ± 0.3 22.8 ± 0.2 

  FCC  7.7 ± 0.2 21.9 ± 0.3 23.3 ± 0.1 24.2 ± 0.2 23.0 ± 0.3  
FCC (Predicted) 5.6 22.1 23.3 24.9 24.0 

  B2 25.2 ± 2.2 30.5 ± 2.4 16.9 ± 1.0 13.0 ± 2.3 14.3 ± 1.3 

  B2 (Predicted) 25.9 29.7 20.5 8.3 15.6 

Al12 Overall 12.1 ± 0.1 22.5 ± 0.6 21.7 ± 0.6 21.9 ± 0.1 21.8 ± 0.6 

  FCC 7.5 ± 0.3 21.4 ± 0.3 23.2 ± 0.3 24.8 ± 0.2 22.8 ± 0.2  
FCC (Predicted) 5.3 18.9 22.6 28.2 24.9 

  B2 32.0 ± 0.1 35.1 ± 0.2 14.9 ± 0.3 7.4 ± 0.1 10.6 ± 0.3  
B2 (Predicted) 26.0 28.3 20.7 9.2 15.8 

Al15 Overall 15.6 ± 0.1 20.5 ± 0.1 20.8 ± 0.1 21.9 ± 0.1 21.1 ± 0.1 

  FCC 6.9 ± 0.2 16.5 ± 0.2 22.9 ± 0.5 28.1 ± 0.4 25.6 ± 0.5  
FCC (Predicted) 5.0 16.2 21.7 31.2 25.9 

  B2 31.0 ± 0.6 29.4 ± 0.5 17.3 ± 0.4 10.0 ± 0.8 12.2 ± 0.6  
B2 (Predicted) 26.2 26.9 20.7 10.1 16.1 

Al20 Overall 20.2 ± 0.1 19.3 ± 0.1 19.7 ± 0.1 20.8 ± 0.2 20.1 ± 0.1 

  BCC 7.4 ± 0.5 8.7 ± 0.3 19.2 ± 0.2 37.9 ± 0.7 26.7 ± 0.3  
BCC (Predicted) 3.8 5.9 15.7 48.0 26.5  
FCC 7.2 ± 0.1 13.4 ± 0.2 23.5 ± 0.3 27.5 ± 0.1 28.4 ± 0.2  
FCC (Predicted) 5.0 13.9 21.6 30.9 28.6 

  B2 31.7 ± 0.2 26.6 ± 0.3 18.7 ± 0.1 9.6 ± 0.2 13.4 ± 0.3  
B2 (Predicted) 25.8 24.9 21.5 10.2 17.7 

Al30 Overall 29.2 ± 0.2 17.4 ± 0.1 17.6 ± 0.1 18.3 ± 0.1 17.6 ± 0.2 

  BCC 11.7 ± 0.3 6.0 ± 0.7 13.3 ± 0.2 40.6 ± 0.1 28.2 ± 0.4  
BCC (Predicted) 7.8 1.2 6.2 58.5 26.3 

  B2 35.5 ± 1.3 20.4 ± 0.9 18.2 ± 0.8 12.0 ± 2.1 13.9 ± 0.8  
B2 (Predicted) 35.9 21.9 20.1 6.4 15.1 
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Table 2.  Average parabolic oxide rate constants (kP) calculated for the as-cast and annealed CCAs. 

 

 

Alloy Initial Condition 

kP (1) 

(g2/cm4 s) Duration for kP (1) 

kP (2) 

(g2/cm4 s) Duration for kP (2) Primary Oxides 

Al8 As-cast ~ 2.5 x 10-11 1 – 30 hours ~ 2.5 x 10-12 30 – 100 hours Cr2O3 / Al2O3 
 Annealed ~ 2.2 x 10-11 2 – 40 hours ~ 8.9 x 10-12 40 – 80 hours Al2O3 / Spinel 

Al12 As-cast ~ 1.9 x 10-12 1 – 19 hours ~ 4.6 x 10-13 19 – 100 hours Cr2O3 / Al2O3 
 Annealed ~ 1.6 x 10-11 2 – 40 hours ~ 7.7 x 10-12 40 – 80 hours Al2O3 / Spinel 

Al15 As-cast ~ 4.7 x 10-11 2 – 18 hours ~ 4.2 x 10-12 19 – 36 hours Cr2O3 / Al2O3 
 Annealed ~ 2.6 x 10-11 2 – 20 hours ~ 7.8 x 10-12 20 – 80 hours Al2O3 / Spinel 

Al20 As-cast ~ 8.1 x 10-12 1 – 11 hours ~ 1.6 x 10-12 12 – 50 hours Cr2O3 / Al2O3 
 Annealed ~ 1.1 x 10-11 3 – 35 hours ~ 4.2 x 10-12 35 – 80 hours Al2O3 / Spinel 

Al30 As-cast ~ 1.9 x 10-12 2 – 10 hours -- -- Cr2O3 / Al2O3 
 Annealed ~ 1.1 x 10-12 5 – 80 hours -- -- Al2O3 


