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Abstract
In this study, the effect of Al on the high temperature oxidation of Al-containing 
refractory high entropy alloys (RHEAs) Ta-Mo-Cr-Ti-xAl (x = 5; 10; 15; 20 at%) 
was examined. Oxidation experiments were performed in air for 24 h at 1200 °C. 
The oxidation kinetics of the alloy with 5 at% Al is notably affected by the formation 
of gaseous  MoO3 and  CrO3, while continuous mass gain was detected for alloys with 
the higher Al concentrations. The alloys with 15 and 20 at% Al form relatively thin 
oxide scales and a zone of internal corrosion due to the formation of dense  CrTaO4 
scales at the interface oxide/substrate. The alloys with 5 and 10 at% Al exhibit, on 
the contrary, thick and porous oxide scales because of fast growing  Ta2O5. The posi-
tive influence of Al on the formation of  Cr2O3 followed by the growth of  CrTaO4 to 
yield a compact scale is explained by getter and nucleation effects.

Keywords Refractory high entropy alloy · Al effect · CrTaO4 formation · Getter 
effect

Introduction

The search for new materials that exceed the high temperature capabilities of modern 
Ni-based superalloys has endured for many decades. In line with the recently intro-
duced concept of high entropy alloys [1], Senkov et al. [2] suggest RHEA as promising 
candidates for demanding high temperatures applications. Some RHEAs indeed pos-
sess outstanding mechanical properties above 1200  °C [3, 4] on which most studies 
were focused in the past. Much less attention has been paid to oxidation resistance of 
RHEA [5–9] though this feature is commonly known as one of the major drawbacks 
of refractory metals and refractory metal-based alloys. Recently, several RHEAs were 
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reported to possess a relatively high level of oxidation resistance due to the formation of 
compact  CrTaO4 scales [6–8, 10]. The rutile-type  CrTaO4 oxide forms by the reaction 
 Cr2O3 +  Ta2O5 →  2CrTaO4 [11, 12], which is decisive in terms of the oxidation resist-
ance. In our recent studies, the oxidation behavior of the equiatomic RHEA Ta-Mo-Cr-
Ti–Al, which is a  CrTaO4-former, has been extensively investigated and the oxidation 
mechanism identified [8, 13]. In the temperature range 900–1100 °C, this alloy forms a 
complex oxide layer consisting of  TiO2,  Al2O3,  Cr2O3 and  CrTaO4. The high oxidation 
resistance is, however, attributed to the formation of a continuous  CrTaO4 layer at the 
interface oxide/substrate as  Al2O3 and  Cr2O3 do not grow to fully compact scales. Up to 
date, no comprehensive study on the Al effect on the formation of such complex scales 
as  CrTaO4 exists in literature. Li et al. reported that the removal of Al from the alloy 
system Ta-Mo-Cr-Ti–Al leads to a superior oxidation resistance at 1000 °C for 10 h 
due to the formation of a continuous  CrTaO4 layer [10]. However, the reason for such 
improved oxidation behavior of the TaMoCrTi alloy was not provided. In this work, the 
effect of Al on the oxidation resistance of the Al-containing alloys Ta-Mo-Cr-Ti-xAl 
(x = 5; 10; 15; 20 at%) at 1200 °C is systematically investigated. Thereby, the key ques-
tion of how Al influences the formation of a compact  CrTaO4 layer will be clarified.

Experimental Procedures

The details about the manufacturing process and the sample preparation proce-
dure can be found elsewhere [8]. All alloys were homogenized in a tube furnace 
at 1500 °C for 20 h under Ar. Isothermal oxidation tests were performed in a ther-
mogravimetric system at 1200 °C for 24 h. In addition, all alloys were oxidized for 
30  min to study the transient oxidation. To identify the oxidation products, vari-
ous methods were used. The identification of crystalline phases was performed in 
a X-ray diffractometer X`Pert Pro MPD with Cu-Kα radiation operating at 45 kV 
and 40 mA. To characterize the microstructure of the alloys and the oxide scales, a 
focused ion beam–scanning electron microscope (FIB–SEM) DualBeam system of 
type FEI Helios Nanolab 600 equipped with techniques such as backscatter electron 
(BSE) imaging, energy-dispersive X-ray spectroscopy (EDX) was used. The oxide 
layer thicknesses and the element distribution in oxide scales were determined on 
the basis of BSE images and EDX mappings. For this purpose, 20 measurements 
were performed using the software ImageJ. The outer oxide scale of the alloy Ta-
Mo-Cr-Ti-5Al for the TEM investigations was removed using a scalpel and placed 
on a TEM grid. The following TEM investigations were performed in TEM FEI 
Talos F200X with 200 kV acceleration voltage.

Results

To understand the Al effect in detail, the microstructure of a series of alloys within 
the system Ta-Mo-Cr-Ti-xAl (x = 5; 10; 15; 20 at%) was investigated. Comprehen-
sive information on the microstructure of the equiatomic Ta-Mo-Cr-Ti-20Al has 
already been reported in Ref. [8, 14]. After homogenization, this alloy consists of 
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large grains of the ordered B2 crystal structure as well as some Laves phase predom-
inantly decorating the grain boundaries. The results of microstructural investigations 
performed on Ta-Mo-Cr-Ti-5Al are displayed in Fig. 1. XRD analysis depicted in 
Fig. 1a reveals peaks that can be attributed to an A2-type crystal structure (W proto-
type, closed circulars). Furthermore, weak occurrence of the {100} superlattice peak 
of the B2 superstructure of A2 is observed (CsCl prototype, open circulars). In addi-
tion, the C14-type Laves phase  Cr2Ta  (MgZn2-type, hatched squares) is detected. 
BSE images illustrated in Fig. 1b. and c. reveal that only grain boundaries are deco-
rated with the Laves phase (bright contrast). This microstructure is representative 
also for alloys with the higher Al concentrations of 10 and 15 at%. Thus, the micro-
structure of these alloys is not shown here. It should, however, be mentioned that all 
alloys are not in the thermodynamic equilibrium after heat treatment; therefore, it is 
expected that the amount of the Laves phase increases during oxidation [14]..

The kinetic oxidation curves of the alloys Ta-Mo-Cr-Ti-xAl (x = 5; 10; 15; 20 
at%) recorded during isothermal exposure to air at 1200 °C for 24 h are shown in 
Fig. 2. The initial kinetics of the alloy Ta-Mo-Cr-Ti-5Al is extremely rapid. But after 
about 7 h, the value of the mass change did not change notably during approximately 
10 h; afterward, however, a linear mass gain was recorded. Overall, the alloy Ta-Mo-
Cr-Ti-5Al reveals the highest mass gain value after 24 h of exposure. In contrast, the 
alloy Ta-Mo-Cr-Ti-10Al shows significantly lower initial kinetics followed by a con-
tinuous linear mass gain after approximately 15 h. This alloy yields the lowest mass 
gain after 24 h exposure. The kinetic curves of the alloys with the higher Al contents 
(15 and 20 at%) obey the nearly parabolic rate law.

In order to explore the nature of corrosion products, XRD analysis was per-
formed on samples oxidized for 24  h at 1200  °C. XRD measurements were also 
conducted on samples which were exposed to air in a furnace for 30 min at 1200 °C. 
Figure  3a shows exemplify diffractogram of the alloy Ta-Mo-Cr-Ti-5Al after oxi-
dation for 24 h at 1200 °C. All results of X-ray diffraction analyses conducted on 
alloys Ta-Mo-Cr-Ti-xAl (x = 5; 10; 15; 20 at%) after oxidation for 30 min and 24 h 
at 1200 °C are summarized in Table 1. The diffractogram includes  Al2O3,  Cr2O3, 
 TiO2,  Ta2O5 and  CrTaO4. Independent on the test time and the Al content,  Al2O3, 
 TiO2 and  Cr2O3 were identified on all alloys. The only difference was noted for the 
appearance of  T2O5 and  CrTaO4. In the alloy Ta-Mo-Cr-Ti-5Al, both  Ta2O5 and 

Fig. 1  Microstructure of the alloy Ta-Mo-Cr-Ti-5Al after heat treatment at 1500 °C for 20 h: a. Powder 
XRD pattern, b. and c. BSE micrographs with overview and grain boundary detail
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 CrTaO4 were detected after 30  min oxidation. However, only  Ta2O5 was identi-
fied after 24 h oxidation. In case of the alloy Ta-Mo-Cr-Ti-10Al, on the contrary, 
only  CrTaO4 could be detected after 30 min exposure to air, while both oxides were 
observed after 24 h oxidation. In Ta-Mo-Cr-Ti-15Al and the equiatomic RHEA with 
20 at% Al, only  CrTaO4 was found after both exposure times. Further, after 24 h 
oxidation of all alloys, a yellow substance was detected on the platinum wire of the 
thermogravimetric system. The amount of this substance decreases with increasing 
Al content. However, the influence by re-deposited substances on the sample and 
the Pt sample carrier is neglected. The re-deposition on samples can only take place 
during cooling, i.e., when the continuous recording of the mass change was stopped. 
The substances were carefully scraped off and examined by X-ray spectroscopy 
which revealed that  MoO3 evaporated from all alloys and condensed on parts of the 

Fig. 2  Specific mass change as a function of time for Ta-Mo-Cr-Ti-xAl (x = 5; 10; 15; 20 at%) during 
isothermal exposure to air at 1200 °C for 24 h

Fig. 3  Results of XRD analysis of a. Ta-Mo-Cr-Ti-5Al after 24 h oxidation in air at 1200 °C and b. sub-
stances scraped off the platinum wire after 24 h oxidation of the alloy Ta-Mo-Cr-Ti-5Al
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thermogravimetric system. Additionally, the XRD analysis indicates the presence 
of  CrO3 in case of the alloys Ta-Mo-Cr-Ti-5Al and Ta-Mo-Cr-Ti-10Al. Figure 3b. 
gives an example of the diffractogram of the substances collected after 24 h oxida-
tion of the alloy Ta-Mo-Cr-Ti-5Al. 

Cross-sectional images of the oxide layers after 30 min and 24 h of oxidation in 
air are depicted in Fig. 4. All oxide scales generally show a complex multi-layered 
structure. The common feature of the oxide layers formed on all alloys is the outer 
oxide scale which consists of a mixture of  Al2O3,  TiO2 and  Cr2O3 particles as well 
as a semi-continuous  Cr2O3 scale underneath. Below this outer oxide layer, the oxide 
scales differ significantly depending on the Al content and oxidation time. In the 
following, this oxide layer will be designated as inner oxide scale. The inner oxide 
scale of the alloy Ta-Mo-Cr-Ti-5Al has a heterogeneous character after 30 min oxi-
dation. Regions of a thin, continuous  CrTaO4 layer but also thicker scales consisting 
of  Al2O3,  TiO2 and  Cr2O3 in addition to the major phase  Ta2O5 were observed. After 
24  h of oxidation, the thicknesses of the oxide layers vary strongly, whereby the 
scales consist of mixed Ti, Ta, Cr oxides (see Fig. 4a). Spalling of the oxide scale 
was observed only in Ta-Mo-Cr-Ti-5Al after oxidation for 24 h. The delamination of 
the oxide scale occurs during the cooling process since no sudden mass change dur-
ing the oxidation was detected. By contrast, the alloy Ta-Mo-Cr-Ti-10Al reveals the 
formation of an inner oxide scale consisting of  CrTaO4 during the initial oxidation. 
However, after 24 h of exposure, thick scales predominantly containing  Ta2O5 were 
identified in addition to the thin  CrTaO4 scales (see Fig. 4b.). In contrast, the alloys 
Ta-Mo-Cr-Ti-15Al and Ta-Mo-Cr-Ti-20Al reveal an inner  CrTaO4-based oxide scale 
which was identified after first 30 min of oxidation and which remains intact at least 
up to 24  h of exposure (see Fig.  4c. and d.). Below the inner oxide scale, a pro-
nounced internal oxidation was observed which manifests itself in the formation of 
 Al2O3 and TiN particles. Generally, TiN precipitates deeper in comparison to  Al2O3 
particles.

In order to describe the Al effect on the formation of the oxide scales and their 
growth quantitatively, the thicknesses of (i) the total oxide scale, (ii) the outer oxide 
layer consisting of  Al2O3,  Cr2O3,  TiO2 particles and a discontinuous  Cr2O3, scale, 
(iii) the total zone of internal corrosion and (iv) the zone of internal corrosion with 
 Al2O3 particles were determined after 30 min and 24 h oxidation at 1200 °C (see 

Table 1  XRD results of Ta-Mo-Cr-Ti-xAl (x = 5; 10; 15; 20 at%) after 30  min and 24  h oxidation at 
1200 °C in air (“X” indicates that the corresponding oxide was detected)

Alloy Ta-Mo-Cr-Ti-5Al Ta-Mo-Cr-Ti-10Al Ta-Mo-Cr-Ti-15Al Ta-Mo-Cr-Ti-
20Al

Exposure time 30 min 24 h 30 min 24 h 30 min 24 h 30 min 24 h

Al2O3 (corundum) X X X X X X X X
Cr2O3 (corundum) X X X X X X X X
TiO2 (rutile) X X X X X X X X
Ta2O5 (orthohombic) X X X
CrTaO4 (rutile) X X X X X X X
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Fig. 4  BSE images of the alloys after 30 min (left site) and 24 h (right site) of exposure to air at 1200 °C. 
a. Ta-Mo-Cr-Ti-5Al, b. Ta-Mo-Cr-Ti-10Al, c. Ta-Mo-Cr-Ti-15Al, d. Ta-Mo-Cr-Ti-20Al; mixed oxides 
include  Al2O3,  Cr2O3,  TiO2 and  Ta2O5



1 3

Oxidation of Metals 

Fig. 5). It is clear that the depth of the total zone of internal corrosion (TiN +  Al2O3) 
increases with oxidation time and generally decreases with increasing Al concen-
tration. Though, the depth of the  Al2O3 particles in the zone of internal corrosion 
becomes progressively enhanced with increasing Al content after both oxidation 
times. The more pronounced zone of internal corrosion in the alloy Ta-Mo-Cr-Ti-
20Al can be explained by the considerably coarser TiN particles compared to those 
formed in the alloy with 15 at% Al (see Fig.  4). The entire oxide layers become 
progressively thicker with decreasing Al content and longer oxidation time. Inter-
estingly, the thicknesses of the outer oxide scales formed after 30  min oxidation 
increase with the Al concentrations. This dependence vanishes, however, nearly 
completely after 24  h oxidation. The equimolar alloy exhibits the thinnest oxide 
scale, while the most dramatic oxidation attack was detected for the alloy with the 
lowest Al concentration. The large error bars determined for the alloys with 5 and 
10 at% Al reflect the severe inhomogeneity observed in the oxide layer thickness. In 
contrast to the alloys with the low Al concentrations, the oxide scales formed on the 
alloys with 15 and 20 at% Al are more homogeneous, and the scale thickness differ-
ence between these alloys is marginal.

In order to better understand the constitution of the initially formed oxide scales 
as well as those formed during steady-state period of oxidation, the element distri-
bution in the outer oxide scale was analyzed using SEM–EDX mappings. To deter-
mine the element distribution, EDX mappings representing the elements via color 
contrast were evaluated. In addition, the EDX data were correlated with the BSE 
images, allowing to conclude the chemical contrast via the resulting grayscale varia-
tion. This approach allows to obtain a holistic result.

Results shown in Fig. 6a clearly reveal that the concentrations of Al and Cr in the 
outer layer formed after 30 min oxidation enhance with the increasing Al content. 
This implies that a higher amount of  Al2O3 and  Cr2O3 is present in the alloys with 
the higher Al concentrations. It should, however, be mentioned that the outer oxide 
layer mainly consists of  TiO2 (see Fig. 6a).

While the thickness of the outer oxide layer does not change notably with the Al 
concentration during exposure for 24 h (see Fig. 5b), the constitution of the outer 

Fig. 5  Thickness of the total zone of internal corrosion (TiN +  Al2O3), the zone of internal corrosion 
with  Al2O3 particles only, the total oxide layer and the outer oxide layer  (Al2O3 +  Cr2O3 +  TiO2) after a. 
30 min oxidation at 1200 °C and b. 24 h oxidation at 1200 °C
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oxide layer changes substantially. With the increasing Al concentration, notably 
more Cr and less Ti were found in the outer oxide layer. As mentioned previously, 
Cr was found as condensed  CrO3 on different parts of the thermogravimetric device 
during oxidation Ta-Mo-Cr-Ti-5Al and Ta-Mo-Cr-Ti-10Al indicating evaporation of 
 CrO3. Furthermore, it is interesting to note that the alloy Ta-Mo-Cr-Ti-10Al forms 
large  Al2O3 particles, while fine particles were found in the outer scale formed on 
the alloy Ta-Mo-Cr-Ti-15Al. In case of the equiatomic alloy,  Al2O3 and  Cr2O3 parti-
cles were found near each other or even at the same location presumably indicating 
a solid solution.

To verify the results obtained using SEM–EDX and presented in Fig.  6, addi-
tional TEM investigations were carried out on the alloy Ta-Mo-Cr-Ti-5Al oxidized 
for 30 min at 1200 °C. The outer oxide layer was placed on a TEM grid (see Fig. 7a 
and b). TEM–EDX analyses were performed on different locations. The determined 
volume fractions of Al, Cr and Ti confirm the corresponding values of the element 
distribution found using SEM–EDX (compare Fig. 7c and Table 2 with Fig. 6a).

Discussion

The results presented above reveal a clear tendency that the oxidation resistance 
enhances with increasing Al content in the alloy system Ta-Mo-Cr-Ti-xAl, although 
no dense and continuous  Al2O3 scale was formed. Instead,  CrTaO4 scales, which 
ensure a reasonable level of oxidation resistance, were identified in alloys possessing 
Al concentrations higher than 10 at%. Only two earlier studies were found describ-
ing the oxidation behavior of alloys with a similar chemical composition. The oxi-
dation results of 25.2Cr-17.6Al-20.3Mo-15.2Nb-2.9Si-13.4Ta-5.4Ti [at%] proposed 
by Lo et al. [6] are in agreement with those presented in our study. In this RHEA, 
which contains 17.6 at% Al, a continuous  CrTaO4 layer was observed after 200 h 
oxidation at 1100 °C. A completely opposite conclusion was drawn by Li et al. in 
terms of the Al effect in RHEA [10]. Though both alloys, Al-free MoTaTiCr and Al-
containing MoTaTiCrAl, are  CrTaO4-formers, the Al-free alloy exhibits a better oxi-
dation behavior after oxidation for 10 h at 1000 °C as compared to the Al-containing 

Fig. 6  Distribution of Al, Cr and Ti in the outer oxide layer after a. 30 min oxidation at 1200 °C and b. 
24 h oxidation at 1200 °C
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one. Unfortunately, the reason for such superior oxidation resistance of the alloy 
MoTaTiCr was not given in [10].

The results of oxidation kinetics and microstructural investigation of oxide scales 
formed on alloys studied in this work can be explained by the corrosion products 
formed during oxidation. The rapid mass gain during initial oxidation of the alloy 
Ta-Mo-Cr-Ti-5Al (see Fig. 2) can be attributed to the formation of the fast grow-
ing  Ta2O5 (see Fig. 4a) [15]. Furthermore, due to its unfavorable PBR ratio of 2.5, 
the detrimental formation of  Ta2O5 obviously results in buckling of the oxide layer 
which propagates with time facilitating the inward transport of oxygen and nitro-
gen [16]. It can further be assumed that the nitrogen inward diffusion in this alloy 
substantially contributes to the high values of the mass gain as the thickest zone of 
internal corrosion with TiN precipitates was observed (see Fig. 5). The decelerating 
kinetics of this alloy after 7 h is apparently related to  MoO3 and  CrO3 evaporation 
(see Fig. 3b). The lowest value of the mass gain of the alloy Ta-Mo-Cr-Ti-10Al can 
be attributed to the formation of porous  Ta2O5-rich scales which is accompanied 
by vaporization of  MoO3 and  CrO3. The oxidation behaviors of Ta-Mo-Cr-Ti-15Al 
and Ta-Mo-Cr-Ti-20Al differ significantly from those with the lower Al concentra-
tions. Both alloys exhibit relatively low values of the mass gain (~ 5 mg/cm2 after 
24 h oxidation at 1200 °C) which can be explained by the formation of continuous 
 CrTaO4 layers. Relevant properties of  CrTaO4 manifest themselves in (i) lower oxide 
scale thickness and (ii) thinner zone of internal corrosion (see Fig.  5e) compared 
to the alloys that are not able to form a dense  CrTaO4 layer. The oxidation kinetics 
of  CrTaO4-forming superalloys [17] or RHEA [6] seems to approach the oxidation 
resistance of  Cr2O3- and  Al2O3-forming Ni-based alloys [22].

Fig. 7  Investigation of the elemental distribution in the outer layer a. BSE image of the alloy Ta-Mo-
Cr-Ti-5Al after oxidation for 30 min (upper oxide layer was removed and analyzed in TEM) b. STEM-
HAADF image of the removed outer oxide layer c. corresponding EDX mapping of the image marked as 
a red area in (b) (Color figure online)

Table 2  Element distribution in the outer oxide layer of the alloy Ta-Mo-Cr-Ti-5Al after oxidation for 
30 min using TEM–EDX

Element Al Cr Ti

Element distribution [vol. %] 4
+5

−2
14

+6

−5
76

+9

−5
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CrTaO4 represents a product of the reaction between  Cr2O3 and  Ta2O5. The 
formation of a continuous  CrTaO4 layer requires certain amounts of both,  Cr2O3 
and  Ta2O5. The occurrence of  Ta2O5 in the scales of alloys with 5 and 10 at% Al 
(Table 1) can be explained by the insufficient amount of  Cr2O3 formed in the vicinity 
of  Ta2O5. In alloys with the higher Al concentrations, all  Ta2O5 converts to  CrTaO4 
(Table  1) because sufficient amount of  Cr2O3 seems to be available for the reac-
tion between  Cr2O3 and  Ta2O5. Our previous investigations revealed that the  CrTaO4 
layer slows down oxidation on the equiatomic alloy Ta-Mo-Cr-Ti–Al at 1000 °C and 
the outer oxide scale consisting of  Al2O3,  Cr2O3,  TiO2 particles and a discontinuous 
 Cr2O3 scale represents corrosion products which form during transient oxidation [8]. 
The results generated in the present study confirm that the thickness and the com-
position of the outer oxide scale formed on the alloy with 20 at% Al after 30 min 
oxidation at 1200 °C remain almost the same after 24 h of exposure (see Figs. 4d 
and 5) because the  CrTaO4 layer prevents the outward cation diffusion. Ti forms 
very stable oxide with extremely high growth rates [18], which explains the largest 
proportion of Ti besides Al and Cr in the outer layer (Fig. 4). In the present case, the 
outer oxide layer is mainly composed of  TiO2, while  Cr2O3 represents a minority 
phase. A mutual doping, i.e., titanium in chromia and chromium in titania, cannot 
be excluded. In both cases, however, doping would lead to enhanced growth rates of 
chromia as well as titania [18, 19]. However, the doping effect would appear during 
transient oxidation only as the outer scale forms during this stage of oxidation [8] 
and does not grow during steady-state oxidation (see Fig. 5).

Our recent studies revealed that Ti is present in  CrTaO4 scale formed on the alloy 
Ta-Mo-Cr-Ti–Al after oxidation at 1000 °C for 48 h [8]. Lo et al. also observed a 
Ti content of 3.9 at% Ti in the  CrTaO4-based oxide on an RHEA after oxidation at 
1100 °C for 200 h [6]. From the theoretical point of view, Ti doping would cause 
a reduction of oxygen vacancies and therefore a slower growth of the rutile-type 
 CrTaO4 if  Ti4+ substituted  Cr3+ cations. In case if  Ti4+occupies  Ta5+ lattice sites, 
a contrary effect can be expected. Now, it can, thus, only be speculated whether 
growth kinetics of  CrTaO4 scales can be slowed down by Ti doping. In-depth theo-
retical studies supported by experimental investigations are needed to explore the 
protective potential of  CrTaO4 due to the doping effect. Figure  6 proves that the 
amount of Cr and therefore  Cr2O3 in the outer scale enhances with the Al content 
obviously leading to the formation of a dense  CrTaO4 layer in alloys with 15 and 
20 at. % Al. Furthermore, Fig. 5 reveals that the penetration depth of internal  Al2O3 
increases with increasing Al content.

The positive effect of Al on the formation of  Cr2O3 can be attributed to the (i) 
getter effect and (ii) nucleation effect as well as (iii) enhanced Cr diffusion in the 
Al-depleted zone. Due to its higher affinity to oxygen, Al acts as a getter as it oxi-
dizes externally and internally allowing Cr to diffuse to the surface to participate 
in the formation of  CrTaO4. This effect was proposed by Wood et al. to explain the 
oxidation behavior of Co-Cr-Al alloys [20]. Giggins et  al. [21] also reasoned the 
facilitated formation of a continuous  Cr2O3 oxide layer in Ni–Cr-Al alloys by the 
getter effect of Al. It should, however, be mentioned that the aforementioned getter 
effect may only be significant a relatively short period of oxidation as Al oxidizes 
internally very fast due to the high thermodynamic stability of its oxide (see Fig. 5). 
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Further, it is well-known that  Al2O3 serves as a nucleation site for  Cr2O3 [20]. This 
effect can also be assumed operative in case of the RHEA investigated here. The 
beneficial effect of Al on the nucleation and growth of  Cr2O3 in Co-Cr-Al [20] was 
concluded by Woods et al. This statement was supported by Yun et al. who reported 
that Al can act as nucleation site for  Cr2O3 like a reactive element in Ni–Cr-Wo-
Mo-Al alloys [22]. Finally, internally oxidized Al may have a positive effect on the 
formation of chromia in the near-surface regions. Chyrkin et al. demonstrated that 
Cr activity enhances with an increasing Al content in Ni–Cr-Al alloys [23]. In the 
region with internal alumina precipitates, both Al and Cr activities are reduced. This 
results in a Cr gradient in the alloy and, thus, in an additional driving force for Cr 
diffusion toward the surface and an increased Cr flux, which supports the chromia 
formation in the near-surface region. In case of our alloy, the thick zones of internal 
corrosion in alloys with higher Al concentrations may facilitate enhanced Cr dif-
fusion to the surface in order to compensate the reduction in the Cr activity due to 
internal oxidation of Al.

Summary

In this paper, the effect of Al on the high temperature oxidation resistance of the 
RHEA Ta-Mo-Cr-Ti-xAl (x = 5; 10; 15; 20 at%) was studied. Experimental results 
clearly reveal that Al substantially improves the oxidation resistance of these alloys. 
The oxidation kinetics is severely influenced by the evaporation of  MoO3 and  CrO3. 
The thicknesses of the oxide scales and the zone of internal corrosion decrease suc-
cessively with the increasing Al content. While the alloys with 5 and 10 at% Al 
form thick oxide layers because of the formation of fast growing  Ta2O5, the alloys 
with 15 and 20 at% Al exhibit relatively thin oxide scales due to the formation of a 
continuous  CrTaO4 layer at the interface oxide/substrate. It is suggested that Al sup-
ports the formation of  Cr2O3 and, finally,  CrTaO4 because of the getter effect of Al 
which preferentially consumes oxygen enabling Cr to diffuse to the surface to par-
ticipate in the formation of a relatively protective  CrTaO4 layer. It is also suggested 
that Al promotes the nucleation of  Cr2O3 further facilitating the growth of  CrTaO4 
to a compact scale.
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