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a b s t r a c t

Refractory high-entropy alloys (RHEAs) are widely studied because of their promising potential for
ultrahigh-temperature applications. One key challenge towards the development of RHEAs as high-
temperature structural materials is to concurrently achieve optimum oxidation resistance and me-
chanical properties. Here in this work, the effect of alloying on the oxidation behavior of ductile RHEAs
was studied. Specifically, a ductile RHEA, Al0.5Cr0.25Nb0.5Ta0.5Ti1.5, was alloyed with Al and Zr aiming to
improve its oxidation resistance. The two modified RHEAs, Al0.75Cr0.25Nb0.5Ta0.5Ti1.5 and
Al0.5Cr0.25Nb0.5Ta0.5Ti1.5Zr0.01, indeed show enhanced oxidation resistance at 800 �C and 1,100 �C,
compared with Al0.5Cr0.25Nb0.5Ta0.5Ti1.5. In addition, all three RHEAs studied here show an excellent
oxidation resistance at 800 �C compared with other RHEAs, although there is still a large space to further
improve their performance at 1,100 �C. Internal oxidation and even nitridation are still present after
oxidation exposure, indicating further efforts are required to form protective oxide scales on the surface
of ductile RHEAs. Nevertheless, the work is expected to shed some light on future directions of improving
the oxidation of ductile RHEAs, via the alloying route.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Refractory high-entropy alloys (RHEAs) [1e3], consisting of re-
fractory metals with high melting points, constitute one particular
group of high-entropy alloys (HEAs) [4e6]. Ever since their first
emergence, RHEAs have been regarded as potential next-
generation high-temperature materials to break through the
operating temperature limit of the state-of-the-art materials such
as nickel-based superalloys [2,7]. In recent years, RHEAs have
gained increasing attention because of their inherent high strength
and softening resistance at elevated temperatures, surpassing those
of commercialized superalloys such as Haynes 230 and Inconel 718
[1,3,8]. However, despite these advantages, RHEAs suffer from
room-temperature brittleness and/or insufficient oxidation resis-
tance, and RHEAs that possess a balanced ductility and decent
(H. Murakami), sheng.guo@
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oxidation resistance are simply non-existing [3]. Comparatively,
brittleness is less an issue, as recently it has been proved that
ductile RHEAs can be achieved using electron theory [9] or phase
transformation [10]; oxidation resistance is muchmore challenging
for RHEAs, and literature survey has indicated that most reported
RHEAs are prone to catastrophic oxidation and/or embrittlement
via internal oxidation, on high-temperature exposure [3,11], similar
to conventional refractory elements and alloys [7,12]. To quote a few
examples here, NbCrMo0.5Ta0.5TiZr after 100 h exposure at 1,000 �C
forms complex oxides with an exceptionally high mass gain of
120mg/cm2 [13]; AlCrMoTiW containing about 80 at.% of refractory
elements shows a parabolic oxidation kinetics during 40 h of
exposure to air at 1,000 �C with the mass gain of ~ 7.8 mg/cm2,
significantly higher than that of Ni-based superalloys [14,15];
AlCrNbMoTi changes its oxidation kinetics from nearly parabolic to
linear behavior at 1,000 �C with the mass gain of ~ 28 mg/cm2 after
95 h of exposure, whereas AlCrNbMo suffers from the complete
oxidation at 1,000 �C after 48 h of exposure and no remaining
material could be found [16]; Al0.5CrNbMoV shows the linear
oxidation kinetics at 1,300 �C and the presence of V is detrimental
to oxidation resistance with a significant mass gain of ~ 340 mg/
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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cm2 in just 20 h of exposure [17]. Efforts to improve the oxidation
resistance of RHEAs have been mainly relied on alloying with Al, Cr,
or Si to promote the formation of protective oxide scales like Cr2O3,
Al2O3, SiO2, or in some cases by surface treatments like pack
cementation aluminizing [11,18e20]. The situation becomes even
more challenging when one attempts to improve the oxidation of
RHEAs while also expecting the RHEAs to possess good ductility.
Indeed, most existing investigations to improve the oxidation
resistance of RHEAs have not been dedicated to ductile RHEAs,
which are certainly limited but available [9,21e23]. Considering the
difficulty to ductilize a material that is oxidation resistant, but
intrinsically brittle, it is relatively easier to improve the oxidation
resistance of a material that is intrinsically ductile but insufficiently
oxidation resistant, thereby motivating our work to start from
ductile RHEAs.

Al0.5Cr0.25Nb0.5Ta0.5Ti1.5 [11] is a modified alloy derived from
ductile but pesting susceptible Hf0.5Nb0.5Ta0.5Ti1.5Zr [9]. It is ductile
at room temperature and not subject to pesting after oxidation at
800 �C for 5 h, but it gets embrittled after oxidation at 800 �C for 5 h
[11] and it also suffers from pesting after 20 cyclic oxidations at
1,100 �C [24]. We previously managed to improve the oxidation
resistance of Al0.5Cr0.25Nb0.5Ta0.5Ti1.5 via a tailor-made two-step
aluminizing route, by successfully forming protective Al2O3 scale on
its surface [24]. Here in this work, we attempt to improve the
oxidation resistance of this alloy via the alloyingway, also hoping to
achieve some generic understanding on how alloying can lead to
the formation of protective surface oxide scales on ductile RHEAs.
We basically made two attempts here, starting with increasing the
Al content and hoping to enable the formation of protective Al2O3
scale, while keeping in mind that Al tends to form strong bonds
with other refractory elements and excessive Al content would
result in undesirable brittleness [25,26]. In the end, we focused on a
modified alloy, Al0.75Cr0.25Nb0.5Ta0.5Ti1.5, with slightly increased Al
content while maintaining the room-temperature ductility. The
other attempt was to add a limited amount of Zr, to study the effect
of Zr addition on the oxidation resistance of Al0.5Cr0.25Nb0.5-
Ta0.5Ti1.5. The inspiration is that the oxidation resistance of TiAl and
Tie15Ale2Nb gets improved after Zr alloying [27,28]. As Zr is also
an active element that can form secondary phases that would
deteriorate the room temperature ductility, here we worked with a
modified alloy, Al0.5Cr0.25Nb0.5Ta0.5Ti1.5Zr0.01, with a rather minor
addition of Zr. We expect to gain further insights into the oxidation
behavior of ductile RHEAs by studying these three chosen alloys,
targeting at understanding the formation of outer oxide layers, and
how the oxidation proceeds inside the bulk of the materials, in case
the formed oxide layers are not protective enough against oxygen
ingress [12]. Specifically, we studied the oxidation behavior of these
three RHEAs at 800 �C and 1,100 �C after 100 h of exposure, and we
analyzed the formed oxidation products and their microstructure.

2. Experimental

RHEAs with the nominal compositions, Al0.5Cr0.25Nb0.5Ta0.5Ti1.5,
Al0.75Cr0.25Nb0.5Ta0.5Ti1.5, and Al0.5Cr0.25Nb0.5Ta0.5Ti1.5Zr0.01, were
prepared from high purity (>99.9%) elemental materials by using
arc melting in a Ti-gettered Ar atmosphere on a water-cooled
copper plate. For simplicity, these three RHEAs will be designated
as Al0.5, Al0.75, and Al0.5Zr0.01, respectively. Melted button ingots
were flipped and remelted at least six times to ensure chemical
homogeneity. The button ingots were later melted again and sub-
jected to drop-casting to form rectangular bars with dimensions of
40 mm (length) � 10 mm (width) � 10 mm (thickness). After
casting, rectangular specimens with dimensions of
5 mm � 10 mm � 10 mm were cut from the drop-cast ingots.
Continuous oxidation tests were conducted in a thermogravimetric
analyzer (TGA, TAG 24, Setaram) at 800 �C and 1,100 �C in dry air
with a flow rate of 150 mL/min. Specimens were heated up to the
target temperatures at a rate of 15 �C/min, held at the temperature
for 100 h, and subsequently cooled to room temperature at a rate of
10 �C/min. Short-term oxidation tests were also conducted at
800 �C for 1 h for all three alloys in a box furnace (MSFT-1560-P,
Nikkato) under static laboratory air. Weight change was deter-
mined using an analytical balance with an accuracy of 0.01 mg. The
phase constitutions were identified on the surface of specimens by
X-ray diffraction (XRD, MiniFlex 600, Rigaku), using CueKa radia-
tion. Microstructure and chemical compositions of both as-cast and
oxidized specimens were studied on the cross-section of specimens
using a scanning electron microscope (SEM, JSM-7200F, JEOL)
equipped with electron backscatter diffraction (EBSD) detector and
energy dispersive spectrometer (EDS). Before metallography
preparation, oxidized specimens were coated with Cu with a
thickness of ~ 100 mm to protect the oxidized layers from any
damage arising from cutting, grinding, and polishing. For the
coating process, the RHEA specimens were fixed as the cathode,
whereas Cu plates were set as the anode in the bath, which con-
tained a saturated CuSO4 solution with pH ~ 5, adjusted via H2SO4.
A current density of ~ 0.2 A/dm2 was used for plating with a total
plating duration of 8 h. The cross-sections of the oxidized specimen
were also studied with an electron probe microanalyzer (EPMA,
type 1610, Shimadzu), under an acceleration voltage of 15 kV.

3. Results

3.1. Starting materials

Fig.1(a) shows the EBSD inverse pole figure (IPF)map of the Al0.5
alloy, exhibiting a single phase with polygrained microstructure.
The corresponding XRD pattern is shown in Fig.1(b) and it confirms
that this alloy comprises a single body-centered cubic (bcc) phase,
as was also reported in our earlier studies [11]. EBSD IPF maps and
XRD patterns for Al0.75 (Fig. 1(c) and (d)), and Al0.5Zr0.01 (Fig. 1(e)
and (f)) also indicate the formation of a single bcc phase and pol-
ygrained microstructure in these two alloys. Interestingly, the
Al0.5Zr0.01 alloy appears to have the most coarse-grained micro-
structure (Fig. 1(e)).

3.2. Oxidation behavior

The oxidation results for three RHEAs at 800 �C (solid lines) and
1,100 �C (dashed lines) are given in Fig. 2(a), showing the mass
change (mg/cm2) as a function of time (h). For the comparison
purpose, the mass change versus time plots for several previously
reported RHEAs that were oxidized at 800 �C and 1,100 �C are
superimposed onto those from this work in Fig. 2(b).

For the oxidation at 800 �C, Fig. 2(a) indicates that the mass gain
of Al0.5 (1.255 mg/cm2) has the highest weight gain, whereas Al0.75
(0.803 mg/cm2) has the lowest one. In addition, all three RHEAs
show parabolic oxide growth during their complete exposure time
at 800 �C, suggesting that the oxygen ingress is effectively limited,
with the oxidation rate controlled by diffusion [13]. The mass gain
versus time plots can be modeled by the oxide growth law, using
the equation Dm ¼ (kpt)n, where Dm is the specific mass gain, kp is
oxide growth rate constant, t is time, and n is the time exponent
which can be fixed to 0.5 for a typical parabolic oxidation behavior
[29]. Using the linear regression analysis, the oxide growth rate
constant kp for Al0.5 is 0.18 mg2/(cm4 s), which slightly reduced to
kp ¼ 0.17 mg2/(cm4 s) on Zr addition for Al0.5Zr0.01, and further
reduced to 0.12 mg2/(cm4 s) on Al addition for Al0.75. The oxidation
kinetics analysis indicates that Al and Zr alloying helps to improve
the oxidation resistance of Al0.5, although the improvement is



Fig. 1. EBSD IPF maps and their corresponding XRD patterns of the as-cast RHEAs. (a) and (b) are for Al0.5, (c) and (d) are for Al0.75, and (e) and (f) are for Al0.5Zr0.01.

Fig. 2. (a) Specific mass change versus time plots for Al0.5, Al0.75, and Al0.5Zr0.01 at 800 �C (solid lines) and 1,100 �C (dotted lines); (b) comparison of specific mass change versus time
between studied RHEAs in this work and selected RHEAs from the literature.
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rather insignificant, in agreement with the mass gain versus time
plots shown in Fig. 2(a). Nevertheless, what is significant here is
that all three RHEAs exhibit much lower mass gain at 800 �C,
compared with previously reported RHEAs, for example,
Al20Cr25Nb20Ti20Zr15 and Al20Cr25Nb19Ti20Zr15Y1 [30], as indicated
by thick solid lines in Fig. 2(b).

Similar to the case at 800 �C, the Al0.5 alloy also shows the
highest mass gain (10.591 mg/cm2) at 1,100 �C (Fig. 2(a)), whereas
Al0.5Zr0.01 shows lower (9.653 mg/cm2) and Al0.75 shows the lowest
(8.243 mg/cm2) one among the three RHEAs. However, different to
the all-the-way parabolic behavior as is the case at 800 �C, all three
RHEAs at 1,100 �C experience a multistage oxidation behavior,
starting from parabolic, transitioning to linear one after 20e30 h
depending on individual compositions, and changing back to
parabolic behavior again after 30e50 h, which is indicative of the
non-stability of formed oxide scales in these alloys. Comparing the
oxidation resistance of the three studied RHEAs at 1,100 �C with
previously reported RHEAs (thick dashed lines in Fig. 2(b)), they are
still superior to, for example, AlCrMoNbTi [18]. In addition, Al0.75
shows superior oxidation resistance to (AlCrMoNbTi)0.99Si0.01 after
40 h of exposure [18]. However, seen from Fig. 2(b), all the three
RHEAs studied here show much inferior oxidation resistance to
AlCrMoTaTi [19] and an NV1 RHEA [31], which comprises Al, Cr, Nb,
Mo, Ta, Ti, and Si, with much reduced Ti content than the other
reported RHEAs. Notably, the NV1 alloy forms a complex oxide,
CrTaO4, which is claimed to lead to its enhanced oxidation resis-
tance [31,32]. More discussions regarding the effect of formed ox-
ides on the oxidation behavior of RHEAs will be covered in the
following sections. The oxidation behavior of the three RHEAs at
800 �C and 1,100 �C will be further analyzed below, with detailed
information provided from oxidation products and their composi-
tion and microstructure.
3.2.1. Oxidation at 800 �C
XRD patterns from the three RHEAs after oxidation at 800 �C are

shown in Fig. 3(a). All the three RHEAs show the formation of TiO2
(space group: P42/mnm, No. 136), which is understandable as Ti is
present in the highest proportion in all of them; Ti2AlNb (space



Fig. 3. XRD patterns of Al0.5, Al0.75, and Al0.5Zr0.01 specimens after 100 h of exposure at (a) 800 �C and (b) 1,100 �C.

S. Sheikh et al. / Materials Today Advances 7 (2020) 1001044
group: Pm-3m, No. 221), Nb2O5 (space group: P-3, No. 147), and a
nitride phase TiN (space group: Fm-3m, No. 225) are also detected,
implying that these RHEAs are susceptible to not only oxygen but
also nitrogen attack. A note can be added here that, based on the
literature, the diffusion rate of oxygen in Ti2AlNb, at 800 �C, is
significantly high and it can result in the formation of oxides such
as TiO2, Al2O3, and Nb2O5 [33]. Although the XRD patterns were
Fig. 4. Cross-sectional microstructures of (aec) Al0.5, (def) Al0.75, an
collected on the surface, the bcc phase from the substrates was also
detected, indicating the limited thickness of the formed oxides.

Fig. 4 shows representative microstructures of the three RHEAs
after 100 h of oxidation at 800 �C. The outer oxide scale formed on
Al0.5 is rather continuous and contains varying compositional
contrast as shown in Fig. 4(a), echoing the formed multiple oxides
seen in Fig. 3(a). The substrate remains the polygrained micro-
structure (Fig. 4(b)), and internal oxidation (Fig. 4(a) and (c)) is seen
d (gei) Al0.5Zr0.01 specimens after 100 h of exposure at 800 �C.
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within the substrate. Needle-like features are seen to distribute
densely near the outer layer, both within the grains and along grain
boundaries. Deeper into the bulk of the substrate material, both the
number density and size of these needle-like features decrease, and
they distribute mostly along the grain boundaries. These observa-
tions indicate that under the current exposure condition, diffusion
through grain boundary and grains is quite pervasive [34]. The
degree of internal oxidation is semiquantitatively characterized by
compositional analysis using SEM–EDS, bearing in mind that the
limitation of this technique for oxygen content measurement. The
sampled positions are indicated in Fig. 4(a) and (c), and their
compositions are given in Table 1. The oxygen content basically
decreases rather quickly from ~ 60 at.% near the outer layer to
~8 at.% inside the bulk of the substrate. Nitrogen-rich regions are
also seen just below the outer layer, thus confirming that nitrogen
diffuses into the substrate, possibly forming TiN as the XRD results
indicate. Similarly, the morphology of the outer layer and internally
formed oxides/nitrides for Al0.75 and Al0.5Zr0.01 can be seen in
Fig. 4(def) and (gei), respectively, and the compositional infor-
mation is provided in Table 1. Internal oxidation exists in all cases,
but Table 1 suggests that the oxygen dissolution in Al0.75 shows the
most distinct trend of decrease from near the surface to inside the
substrate, which is encouraging and indicates that a higher Al
content could be effective in minimizing the oxygen ingress. In
addition, nitrogen is seen to be enriched at a short distance below
the outer oxide layer, and the enrichment is also most insignificant
in the case of Al0.75, thus indicating a possible connection between
the severity of internal oxidation and nitridation.

A short oxidation at 800 �C for 1 hwas alsomade on all the three
RHEAs, to see how the oxidation evolves. Fig. 5(a) and (b), (c) and
(d), and (e) and (f) show the microstructure of Al0.5, Al0.75, and
Al0.5Zr0.01, respectively, after oxidation at 800 �C for 1 h. In all cases,
the outer layers are only partially oxidized and underneath it, there
is some indication of internal oxidation, but the severity is almost
negligible if compared to the cases after 100 h of oxidation at this
temperature. Needle-like features, therefore the products of inter-
nal oxidation, are seen just below the outer layer and distributing
along the grain boundaries further into the bulk of the substrate.
The chemical compositions with respect to the relative depth from
the outer layer, measured from regions that are indicated in
Table 1
SEM–EDS analysis for the oxidized specimens after 100 h of exposure at 800 �C. The
sampled locations are shown in Fig. 4 (a) and (c), (d) and (f), and (g) and (i),
respectively.

Composition Element (at. %)

Location Al Cr Nb Ta Ti N O Zr

Al0.5
i 4.51 3.66 5.24 4.95 19.15 4.31 58.18 e

ii 7.6 4.25 10.12 13.31 24.01 15.27 25.44 e

iii 7.94 5.26 8.34 9.06 29.42 24.92 15.06 e

iv 15.03 4.13 9.23 10.44 53.71 e 7.46 e

v 9.96 6.16 14.84 21.25 39.63 e 8.16 e

Al0.75
i 11.51 3.67 3.17 3.18 16.15 0.89 61.44 e

ii 11.35 4.44 8.09 8.61 25.84 18.45 23.23 e

iii 15.79 6.5 11.06 11.27 42.3 1.26 11.82 e

iv 16.32 6.48 11.05 12.2 43.55 0.67 9.73 e

v 18.93 3.45 13.18 11.01 47.49 e 5.94 e

vi 16.73 7.16 13.61 14.59 44.83 e 3.08 e

Al0.5Zr0.01
i 4.3 2.89 1.51 1.29 16.46 0.28 72.9 0.38
ii 5.29 3.99 5.18 4.59 17.46 4.6 58.89 e

iii 7.93 4.68 7.58 7.83 24.83 23.92 23.23 e

iv 12.86 8.84 11.12 9.55 45.73 e 11.83 0.07
v 12.03 9.72 12.57 12.03 44.87 e 8.77 e

vi 11.89 6.44 14.89 18.72 44.78 e 3.28 e
Fig. 4(b), (d) and (f), are given in Table 2. Naturally, in all cases, the
oxygen content decreases from the outer layer to within the bulk of
the material, where still a significant portion is free from any in-
ternal oxidation. It is again noted that the Al0.75 alloy shows the
lowest oxygen dissolution along the depth direction, confirming
that the oxide layer formed in it is most effective in limiting the
oxygen ingress into the substrate. Importantly, nitrogen is not
detected in all cases, which suggests that nitrogen ingress only
occurs at a later stage.

3.2.2. Oxidation at 1,100 �C
XRD patterns for the three RHEAs after oxidation at 1,100 �C for

100 h are given in Fig. 3(b). TiO2 and Ti2AlNb, which are also seen in
the alloys after oxidation at 800 �C, are still present. Additional
peaks from TiNb2O7 (space group: P12/m1, No. 10) phase are seen,
which is formed because of the reaction between Nb and TiO2 at
this temperature and this has been reported in the oxidation
studies of other RHEAs as well [12,35]. TiNb2O7 can also be written
as TiO2∙Nb2O5 because of the solubility of Nb2O5 in TiO2 ranges
between 2 at. % and 41 at. % [36]. Peaks from a stable oxide a-Al2O3
(space group: R-3c, No. 167) are seen for all the three RHEAs, with
the peak intensity strongest for Al0.75. In addition, two types of
nitrides are detected: TiN and Ti2N (space group: P42/mnm, No.
136). The absence of the bcc phase from the substrate is apparently
due to the thicker oxide layer that is formed beyond the penetration
depth of the X-ray.

The microstructures of the three RHEAs after 100 h of oxidation
at 1,100 �C are shown in Fig. 6. An oxide layer with various
compositional contrast can be seen to form on all the three RHEAs,
corresponding to the formed multiple oxides according to the XRD
results (Fig. 3(b)). An intermediate region, containing various
lamellar and blocky features, forms between the outer oxide layer
and the substrate, which is at least not obvious for the case of
oxidation at 800 �C. Underneath the intermediate region comes the
substrate, and it is apparently not free from internal oxidation or
nitridation. Considering the limitation of SEM–EDS tomeasure light
elements like O and N, semiquantitative chemical analyses were
made at different locations on the three RHEAs, as indicated in
Fig. 6(aec) and the results are given in Table 3. The oxygen content
decreases rather gradually in Al0.5, from the oxide layer to the in-
termediate region and to the substrate, but its decrease tendency is
significantly faster in Al0.75 and Al0.5Zr0.01, indicating that the
formed oxide layer in Al0.75 and Al0.5Zr0.01 are much more effec-
tively limiting the oxygen ingress. Nitrogen is also seen in all cases,
and it is enriched in the intermediate region while limited in the
oxide layer. As Ti has the highest proportion in all the three RHEAs,
by combining the XRD results in Fig. 3(b) and the compositional
information in Table 3 and the previous knowledge on the oxida-
tion behavior of Ti alloys, it is reasonable to assume that the oxide
layer contains TiO2 and Al2O3, the combination of which is known
to be not highly protective when compared to the ideal case where
Al2O3 is formed exclusively [37], and possibly also TiNb2O7; the
intermediate region shall contain Ti2AlNb and also the nitrides Ti2N
and TiN. The sampled location ii in the Al0.75 alloy corresponds
nicely to TiN, and the same statement can be rather safely made for
the sampled location ii in Al0.5; as will be shown later, nitrides are
also seen further into the bulk of the substrate. For example, the
sampled location iii in the Al0.5Zr0.01 alloy seems to correspond to
Ti2N, according to the compositional information in Table 3. The
sequence of forming various oxides and nitrides along with their
corresponding microstructures at different depths within the oxide
layer, intermediate region, and the substrate, is possibly due to the
change of local partial pressure of nitrogen and oxygen [35].

Fig. 7 shows the SEM–EDS elemental mapping for the three al-
loys, after oxidation at 1,100 �C for 100 h. Thick oxide layers are



Fig. 5. Cross-sectional microstructures of specimens (aeb) Al0.5, (ced) Al0.75, and (eef) Al0.5Zr0.01 after short-term exposure at 800 �C for 1 h.

Table 2
SEMeEDS analysis for the oxidized specimens after short-term exposure at 800 �C
for 1 h. The sampled locations are shown in Fig. 2(b), (d), and (f).

Composition Element (at. %)

Location Al Cr Nb Ta Ti O Zr

Al0.5
i 11.2 6.78 10.87 10.81 38.6 21.74 e

ii 11.75 7.57 11.91 12.45 43.62 12.7 e

iii 13.11 7.61 13.61 13.68 45.81 6.18 e

Al0.75
i 15.89 6.43 11.02 11.75 37.41 17.5 e

ii 17.48 7.42 12.41 11.81 42.71 8.17 e

iii 18.52 8.1 12.31 11.02 46.12 3.92 e

Al0.5Zr0.01
i 9.74 5.66 11.1 12.27 35.13 26.1 e

ii 12.7 7.96 12.15 11.19 46.79 9.15 0.06
iii 13.36 9.28 11.78 10.18 49.96 5.37 0.07
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clearly visible, seen from Fig. 7(h), (p), and (x). A closer inspection of
the oxide layer for each RHEA reveals the presence of multiple
layers in it, and the outer layer is a very thin layer enriched in Al,
which shall correspond to Al2O3. Ti is in general enriched in the
whole oxide layer, which agrees to our previous statement that the
oxide layer contains TiO2 and Al2O3. Nb, Ta, and Cr are also seen in
the oxide layer, indicating the compositional/phase complexity of
the oxide layer. It is noted that the Al contents in the Al2O3 layer of
Al0.75 and Al0.5Zr0.01 are higher than that in Al0.5, and Al0.75 has
relatively the best continuity of the Al2O3 layer, which is certainly
beneficial for the oxidation resistance. However, a fully continuous
and dense Al2O3 layer is not seen to form in any of these three
RHEAs. In addition, cracks can be seen within the formed oxide
layer in both Al0.5 (Fig. 7(a)) and Al0.75 (Fig. 7(i)), but not in
Al0.5Zr0.01 (Fig. 7(q)). The cracking is generally due to the volumetric
expansion mismatch among different formed oxides, and it seems
that the Zr microalloying is effective in reducing the cracking trend
in the Al0.5 alloy, possibly because Zr microalloying helps either to
reduce the volumetric expansion mismatch, or to enhance the
bonding at interfaces among different oxides. The failure to form
continuous and dense Al2O3 outermost layer together with the
cracks formed among formed oxides are certainly deteriorating the
oxidation resistance of these RHEAs, although the oxygen ingress
below the oxide layer in all cases seems to be rather low even after
100 h of exposure (Fig. 7(h), (p) and (x)). The intermediate region is
noticeably enriched in Ti and N, so it shall contain nitrides including



Fig. 6. Cross-sectional microstructures of (a) Al0.5, (b) Al0.75, and (c) Al0.5Zr0.01 specimens after 100 h of exposure at 1,100 �C.

Table 3
SEMeEDS analysis for the oxidized specimens after 100 h of exposure at 1,100 �C.
The sampled locations are shown in Fig. 6(a), (b), and (c).

Composition Element (at. %)

Location Al Cr Nb Ta Ti N O Zr

Al0.5
i 34.75 0.04 0.26 0.43 10.2 4.6 49.72 e

ii 0.42 0.13 0.41 0.57 52.08 40.64 5.76 e

iii 12.61 3.03 14.54 15.1 12.23 16.61 25.88 e

Al0.75
i 27.81 0.21 4.16 0.31 7.04 e 60.47 e

ii 0.95 0.31 0.41 0.45 47.91 49.33 0.64 e

iii 16.5 8.21 14.33 14.86 39.78 e 6.33 e

Al0.5Zr0.01
i 14.43 0.08 0.11 0.25 17.9 4.06 63.18 e

ii 14.33 3.66 15.91 14.59 23.03 23.43 4.96 0.09
iii 0.59 0.12 0.57 0.46 59.39 33.14 5.44 0.29
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Ti2N and TiN, as previously stated; elements Ti, Nb, Ta, Cr, and Al are
also seen in this intermediate region, so it could also contain phases
like Ti2AlNb, alloyed with Ta and Cr [24]. Nitrides are also seen in
the substrate, with blocky features. It is noted here that although
nitrides are also seen to form in the substrate in Al0.75 (Fig. 7(i)), the
nitrogen content in the substrate of this alloy is significantly lower
than that in the substrates of Al0.5 and Al0.5Zr0.01, by comparing the
N mapping in Fig. 7(g), (o), and (w).

To get a more accurate chemical distribution, EPMA elemental
mapping was also made on two alloys with different Al contents:
Al0.5 (Fig. 8(a)e(h)) and Al0.75 (Fig. 8(i)e(p)). Compared to the SEM–

EDS elemental mapping results, the existence of multiple layers
and the compositional complexity in the oxide layer is confirmed,
so is the higher content of Al and the better continuity of the outer
Al2O3 layer in Al0.75 compared with those in Al0.5. The much lower
content of nitrogen in the substrate of Al0.75 (Fig. 8(p)), compared
with that in Al0.5 (Fig. 8(h)), is also confirmed, thus further verifying
that a higher Al content is effective in limiting the nitrogen ingress.
Two new observations maybe added based on the EPMA element
mapping results. First, nitrogen is also seen in the outer oxide layer,
so chances are that nitrides could already form in the oxide layer,
rather than only forming later in the intermediate region and the
substrate below. Second, oxygen is still seen below the oxide layer
in both Al0.5 and Al0.75, but its diffusion into the substrate stops at a
short distance away from the oxide layer, and comparatively, it does
so much quicker in Al0.75 than in Al0.5, lending further support to
the positive role of a higher Al content in suppressing the oxygen
ingress.

Adding additional evidence for the oxidation products, an EBSD
phase map (Fig. 9(b)) was made on the cross-section (Fig. 9(a)) of
the Al0.75 alloy. It basically confirms the above-inferred information
based on XRD, microstructural observation and compositional
analysis in that Al2O3 forms the outer layer, but it is not the
exclusively formed oxide layer at the surface because TiO2 also
forms there; TiO2 constitutes the main oxide in the oxide layer, as
although the Al0.75 alloy contains lower Ti than that of Al0.5, the
amount of Ti in Al0.75 is still high enough to form a thick TiO2 layer,
with TiO2 being one of the most thermodynamically stable oxides
(Fig. 9(c)); underneath the oxide layer, there is the intermediate
region that contains Ti2AlNb and the nitride TiN, interdiffused with
the substrate bcc phase. Fig. 9(c) shows the standard Gibbs free
energy of formation (per mole) for the thermodynamically stable
oxides [35,38], that are related to the alloying elements in these
RHEAs, together with that for TiN. After the initial oxidation to form
TiO2, with the prolonged exposure, further oxidation reactions take
place with the remaining metal elements like Al and Nb forming
subsequent oxide (Al2O3 and Nb2O5) and nitride (TiN).
4. Discussion

4.1. Internal oxidation and nitridation

The results obtained clearly indicate the positive effect of
alloying Al and Zr on the oxidation resistance of the initial Al0.5
alloy, with Al having the more significant effect. Nevertheless, all
the three RHEAs experience internal oxidation at both 800 �C and
1,100 �C, indicating that the formed oxide scales are not sufficiently
protective. There are possibly two main reasons for the insufficient
oxidation resistance for these alloys, based on which further im-
provements can be made. First, these alloys contain a high con-
centration of reactive elements like Ti, Ta, and Nb, displaying
significant oxygen solubility at elevated temperatures [39]. They
would form oxides like TiO2, Ta2O5, and Nb2O5, and therefore dis-
allowing Al to form the exclusive Al2O3 scale, when the Al content
has to be low to maintain the tensile ductility. The inability to form
an exclusively protective oxide scale such as Al2O3, which is usually
more effective against oxygen ingress thanmultilayered oxide scale
such as mixed Al2O3 and TiO2 [37], is fundamentally responsible for
the insufficient oxidation resistance. Second, the formation of
Nb2O5 and subsequently its reaction with TiO2 to form TiNb2O7
leads to cracking (Fig. 7(a)), since Nb2O5 is one of the most
expanding oxides that can promote crack formation at the in-
terfaces between the different oxides or between the oxide layer
and the intermediate region underneath [16,40,41], creating
channels for rapid oxygen ingress. Nb2O5 goes through volume
expansion on high-temperature exposure due to various poly-
morphic transformations (i.e. various monoclinic and ortho-
rhombic Nb2O5 below 1,100 �C, and monoclinic Nb2O5 above
1,100 �C), and its formation is regarded as detrimental for the
oxidation resistance [16]. Zr plays a positive role in relieving the
cracking tendency, as seen in Fig. 7(q), whereas Al does not
(Fig. 7(i)). On the other hand, Al has a positive role in enhancing the
oxidation resistance of the Al0.5 alloy. First and foremost, a higher Al
content leads to the formation of a more continuous outer Al2O3
layer, which effectively inhibits the oxygen ingress (Table 3).



Fig. 7. Cross-sectional EDS elemental mapping of (beh) Al0.5, (jep) Al0.75, and (rey) Al0.5Zr0.01 specimens after 100 h of exposure at 1,100 �C. The corresponding cross-sectional
microstructures given in (a), (i), and (q) are the same as those shown in Fig. 6.
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Fig. 8. Cross-sectional microstructures and EPMA elemental mapping of (aeh) Al0.5 and (iep) Al0.75 specimens after 100 h of exposure at 1,100 �C.
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Fig. 9. (a) Cross-sectional microstructure and (b) corresponding EBSD phase map of Al0.75 after 100 h of exposure at 1,100 �C, and (c) plot of standard Gibbs free energy of formation
for relevant oxides and nitrides.
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Second, as can be seen in Fig. 9(b), a higher Al content in Al0.75
seems to suppress the formation of Nb2O5, which could otherwise
cause the cracking issue and deteriorate the oxidation resistance.

As seen here in this work, nitridation is another concern for
RHEAs in addition to oxidation, which has not been extensively
studied when looking into the oxidation of RHEAs. Previously, ni-
trides that were seen in RHEAs mainly include TiN, AlN, Cr2N, and
Nb2N. Using the NV1 alloy as an example [31], it forms nitrides TiN
at both 1,000 �C and 1,100 �C, whereas AlN is formed at 1,100 �C,
after 200 h of air exposure. These nitrides are formed because of the
more rapid ingress of nitrogen than oxygen into the bulk of the
material. It was also claimed that the preferential diffusion of ni-
trogen occurs via the Mo-rich region in this particular NV1 alloy,
eventually promoting nitridation [31]. Another example is with
AlCrNbMoTi, which at 1,000 �C is extremely prone to nitrogen
ingress and forms three types of nitrides: TiN, Cr2N, and Nb2N, in
addition to the very stable oxides, that is, Al2O3 and TiO2 [18].
Certainly, nitridation was also identified in other refractory ele-
ments containing materials, for example, in single-crystalline
nickel-base NieCreAleTi superalloys, where the solubility and
diffusion of nitrogen within Ni-base alloys increase with increasing
Cr content, leading to the formation of TiN [42]. Therefore, in
addition to oxidation, nitridation in RHEAs is an important subject
for further studies. Encouragingly, Al seems to also play a positive
role regarding the nitridation resistance, as the enhanced oxidation
resistance because of a higher Al content in Al0.75 simultaneously
inhibits the nitrogen ingress, where only TiN is seen to form in the
intermediate region (Fig. 9(b)) and no noticeable nitrides are seen
to form in the substrate (Figs. 7 and 8).
4.2. Complex oxides

Recently, a complex oxide, CrTaO4 [31,32], was proposed to act
as a barrier for both inward diffusion of oxygen and outward
diffusion of alloying elements in RHEAs. When comparing the
oxidation resistance of the three RHEAs that are studied here with
that of the other RHEAs at 1,100 �C, it was mentioned that the NV1
alloy shows much better performance and it was attributed to the
formation of CrTaO4 [31]. For the NV1 alloy, a weight gain of ~
4.03 mg/cm2 after 200 h of air exposure at 1,100 �C was reported, in
contrast with aweight gain of 8.243 mg/cm2 for Al0.75 after 100 h of
air exposure at the same temperature. The new type of protective
oxide scale certainly looks promising. However, there exist also
reports on the insufficient oxidation resistance of CrTaO4, as is seen
in AlCrMoNb [16], which was subject to oxidation at 1,000 �C.
During initial oxidation, the formed oxide layer contains a mixture
of Al2O3, Cr2O3, and CrNbO4, but with prolonged exposure, porous
and non-protective oxide scales are formed, resulting in complete
material oxidation within 48 h. In another case of CrMoNbTaV, the
complex oxides CrNbO4 and CrTaO4 completely vanished when the
oxidation temperature was increased to 1,100 �C [43]. The seem-
ingly conflicting results indicate that the effectiveness of complex
oxides like CrTaO4 is compositions dependent, which could be
rationalized. It is well known that the oxidation resistance of alloys
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is affected by the integrity of formed surface oxides when they are
exposed to an oxidative atmosphere. Using thermally grown ox-
ides, TGOs, as an example, the adhesive properties of TGOs can be
determined by the CTE (coefficient of thermal expansion)
mismatch between the surface oxide and substrate alloys, and the
porosity in the TGOs might be altered by the water vapor pressure
in the air. Therefore, further work is certainly requested to verify
the suitable conditions where this type of complex oxide scale is
effective in preventing RHEAs from oxygen (and nitrogen) ingress,
over awide temperature range and a long-term exposure. The point
is that alloys forming such complex oxides can be used under cir-
cumstances where Al2O3 cannot be used as the protective oxide
layer. Indeed, one type of complex oxide, CoWO4, has been found
effective as the protective oxide layer in the ferritic stainless steel
interconnector parts [44,45]. The current work, nevertheless, in-
dicates the possibility of protecting RHEAs from oxidation and
nitridation, by forming the protective Al2O3 scale via the alloying
route. Certainly, how to optimize the Al content to achieve a bal-
ance between tensile ductility and oxidation resistance, remains to
be a great challenge for RHEAs. The dilemma of too little Al not
leading to the formation of Al2O3 and too much Al causing
embrittlement always exists, and therefore the alloy compositions
need to be carefully adjusted to pinpoint the optimal Al content
that can render the simultaneous achievement of tensile ductility
(even a few percent could be acceptable) and oxidation resistance
(ideally forming Al2O3).

5. Conclusions

The effect of alloying on the oxidation behavior of ductile RHEAs
was studied, by comparing the oxidation resistance of a starting
alloy, Al0.5Cr0.25Nb0.5Ta0.5Ti1.5, with that of the two modified alloys,
Al0.75Cr0.25Nb0.5Ta0.5Ti1.5 and Al0.5Cr0.25Nb0.5Ta0.5Ti1.5Zr0.01, at
800 �C and 1,100 �C. Alloying of Al and Zr indeed enhances the
oxidation resistance of Al0.5Cr0.25Nb0.5Ta0.5Ti1.5, with Al having the
more significant effect in inhibiting the oxygen ingress, whereas Zr
plays a positive role in relieving the cracking trend in multilayered
oxide scales. All the three RHEAs studied here show an excellent
oxidation resistance at 800 �C compared with other RHEAs,
although their performance at 1,100 �C awaits further improve-
ments, mainly due to the failure to form protective oxide scales like
an exclusive Al2O3 scale. Apart from oxidation, nitridation is found
to be another concern for RHEAs and is closely related to oxidation.
A higher Al content is beneficial to enhance both the oxidation and
nitridation resistance.
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