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Abstract: Herein, the oxidation behaviour of refractory (HfCo);99_x(NbMo)x (x = 0; 10; 25; 40; 75;
100 (at.%)) high-entropy alloys with a bee+B2 structure subjected to cyclic oxidation at 1000 °C was
studied. The single-phase B2-ordered HfCo alloy demonstrated the best spallation resistance and
retained a pristine form after 100 h. The oxidation kinetics of the HfCo alloy was near-parabolic,
accompanied by the formation of external HfO, or CoO layers after 1 or 100 h, respectively. Additions
of (NbMo) deteriorated the spallation resistance (x < 25 at.%) or led to complete disintegration
(x > 25 at.%). Among the (NbMo)-containing alloys, the (HfCo)gy(NbMo)yj alloy with the dual-
phase bce+B2 structure showed the most promising oxidation resistance. This alloy withstood cyclic
oxidation up to 15 h with a mass gain close to the HfCo alloy and survived 100 h without changes in
geometry of the specimen. Unlike the HfCo alloy, in the (HfCo)9o(NbMo); alloy, the external CoO
layer was found already after 1 h. The effect of chemical and phase compositions on the formation
of certain oxides was discussed. Comparison with the other refractory high-entropy alloys was
also presented.

Keywords: refractory high-entropy alloys; oxidation behaviour; bcc+B2 structure; spallation resistance

1. Introduction

For nearly 80 years, nickel-based superalloys have served as the preferred materials for
the hottest parts of gas turbines. However, an ongoing need to increase the performance of
these systems requires materials that can operate at higher temperatures. Among the poten-
tial candidates, refractory high-entropy alloys (RHEAs) are considered the most promising,
because of their excellent strength at ultra-high temperatures and phase stability [1-4].

However, for high-temperature service, oxidation resistance is essential. It is known
that most refractory metals and alloys are vulnerable to oxidation at T > 500 °C due
to the formation of volatile oxides (e.g., MoO3, WO3, V,05). While the oxidation resis-
tance of some RHEAs is similarly inferior [5-10], certain RHEAs can withstand oxygen
attack up to 1500 °C thanks to complex oxides [11-13]. For instance, Al-Cr-Nb-Mo-Ta-Ti
system RHEAs tend to the form a protective rutile-type CrTaO4 oxide stemming from
a reaction between Cr,O3 and Tay;Os oxides [12,14-16]. Unlike traditional Al,O3 and
Cry0O3 oxides that appear as dense external layers, CrTaO4 nucleates beneath a mixture
(Al,O3 + Crp0O3 + TiO,) of discontinuous scales and does not prevent internal oxidation, yet
effectively blocks the outward diffusion of metal cations [15]. Another rutile-type CrNbO4
oxide has been found to be responsible for good oxidation resistance of Al-Cr-Nb-Ti-Zr
system RHEAs [17-21]. Occasionally, Cr alloying is more attractive for improvement of
the oxidation resistance of RHEAs compared to Al additions [22]. However, in some
Cr-free RHEAS, a fair protectiveness is provided by AINbOy, TipZrOg, Ti;Al,O;5, and
Tasz4015 oxides [23,24].
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Unfortunately, most studies of the oxidation behaviour of RHEAs are performed in
isothermal conditions [11,13,17,18,20,21,23-29]. This testing scheme is suitable for establish-
ing the oxidation kinetics and oxidation mechanisms, but it does not allow for estimating
the response of the alloy to repeated heating—cooling cycles that usually occur during
service life. Cyclic testing can induce the spallation of oxide scale and even disintegration
of the specimen due to the accumulation of thermal stresses [30]. A recent report [31]
revealed the trade-off between the oxidation and spallation/disintegration resistances in
RHEAs, which was highly dependent on the chemical and phase compositions. Specifically,
an increase in Al concentration deteriorated the spallation/disintegration resistance due to
a large volume fraction of brittle Laves phase despite lower mass gains at early stages of
oxidation compared to alloys with reduced Al content.

Existing studies focus on RHEAs consisting exclusively of refractory metals with
additions of Al, Cr, or Si [15]. In contrast, the recently introduced RHEAs, containing
late transition metals, open new directions for designing high-performance alloys [32-39].
One of the examples is a series of (HfCo0)199_x(NbMo)y alloys that have demonstrated
good room-temperature plasticity while retaining high strength at 1000 °C [34,36]. Such
a combination of properties was achieved in dual-phase alloys comprised of a “soft” (Hf,
Co)-rich B2 matrix (hardness of 6.5-8.4 GPa) with embedded “hard” (Nb, Mo)-rich particles
(hardness of 7.5-9.3 GPa). This bcc+B2 structure was stable after 700 h of annealing at
1000 °C [40], thereby outperforming the temperature limit for microstructural degradation
of many RHEAs [41-45]. However, the oxidation behaviour of RHEAs containing late
transition metals is yet to be investigated. In the current work, which, to the best authors’
knowledge, was the first report of its type, we performed a comprehensive analysis of the
oxidation kinetics and mechanisms, as well as the spallation/disintegration resistance, of
the (HfCo)100—x(NbMo)x RHEAs subjected to cyclic oxidation at 1000 °C. Data obtained
in this study appear to be novel both in terms of understanding the role of chemical and
phase compositions on the oxidation behaviour of RHEAs containing late transition metals,
and, more broadly, in terms of evaluating the potential of these alloys as high-temperature
materials under conditions close to service ones.

2. Materials and Methods

Vacuum arc melting (Arc Melter AM 200 (Edmund Biihler GmbH, Bodelshausen, Ger-
many)) of pure (> 99.9 wt. %) metals was used to produce laboratory-scale (20 g) ingots of
the alloys with the nominal compositions of HfCo, (HfCo)go(NbMo)o, (HfC0)75(NbMo)7s5,
(HfC0)40(NbMo)go, (HfC0)25(NbMo)75, and NbMo (at. %). From the as-cast ingots, the rect-
angular (6 x 4 x 4 mm?) samples were cut by electric discharge machine. The specimens
were mechanically gritted and polished, then ultrasonically cleaned in isopropanol.

A Nabertherm furnace (LT 5/12/P320, Nabertherm, Lilienthal /Bremen, Germany)
was used for oxidation tests under static laboratory air at 1000 °C for 100 h. The samples
were put on alumina plates, then placed into the preheated furnace and held there for 1 h,
5 h, and further with intervals of every 5 h. After each period of oxidation test, the samples
were cooled in the laboratory air for mass measurements. This process was repeated until
reaching 100 h or complete disintegration of the specimen, whichever occurred first. Mass
measurements were performed using an HR-200 analytical balance (A&D Company, Ltd.,
Tokyo, Japan) with an accuracy of 0.1 mg. Only bulk samples were weighed after oxidation.
The spalled oxide scales or fragmented parts of the specimens were not included. At least
two specimens were tested for each alloy.

X-ray diffraction (XRD) was employed for phase identification of the oxides in the
scales using a Rigaku diffractometer (Rigaku Corporation, Tokyo, Japan) with Cu-Ko
radiation; the scanning rate was 4°/min and the 2@ was in a range of 20-100°. Cross-
sections of the oxidized specimens were studied using an FEI Quanta 600 FEG (Thermo
Fisher Scientific, Brno, Czech Republic) scanning electron microscope (SEM) with back-
scattered electron (BSE) and energy-dispersive X-ray spectroscopy (EDS) detectors. Sam-
ples for SEM studies were mounted in Buehler KonductoMet via Buehler SimpliMet
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4000 mounting press (Buehler, Lake Bluff, IL, USA) to preserve the integrity of the oxide
scale. The mounted specimens were polished using a Buehler VibroMet 2 Vibratory Polisher
(Buehler, Lake Bluff, IL, USA) and Buehler MasterMet 2 Suspension to mirror surfaces.

3. Results
3.1. Initial Structure

The initial microstructure of the (HfCo)190—x(NbMo) alloys has been reported in
detail elsewhere [34,36,40]. Figure 1 gives a brief description of non-oxidized microstruc-
tures to provide context for further discussions. The HfCo alloy (Figure 1a) had a nearly
single-phase microstructure composed of large B2 grains, the boundaries of which were
decorated with sporadic (the volume fraction was less than 1%) nanometre-sized HfO,
particles (white entities in Figure 1a). Additions of (NbMo)y in the concentration interval of
10 < x <75 at.% (Figure 1b-e) initiated the formation of (Nb, Mo)-rich bcc particles (dark
Z-contrast) embedded in a (Hf, Co)-rich B2 matrix (bright Z-contrast). The volume frac-
tion of the bcc phase, fj.., varied from ~13% in the (HfCo)gg(NbMo)qg alloy to ~76% in
the (HfCo),5(NbMo)75 alloy. The NbMo alloy (Figure 1f) showed an almost single-phase
microstructure presented by bcc grains and traces (<1%) of the tiny HfO, particles (white
entities in Figure 1f).

HfCo (HfC0)oo(NBMO) (HfCo),s(NbMo)zs

.~:

Figure 1. SEM-BSE images of the initial microstructure of the (HfCo)jgo_x(INbMo)y alloys:
(a) HfCo; (b) (HfC0)9o(NbMo)1; (¢) (HfC0)75(NbMo),5; (d) (HfC0)40(NbMo)eo; (e) (HfC0)o5(NbMo)75;
(f) NbMo.

3.2. Oxidation Behaviour

Figure 2 plots the mass gain data obtained at 1000 °C and overall appearance of the
specimens after the tests. The single-phase B2-ordered HfCo alloy showed a continuous
mass gain, achieving 74.2 mg/cm? after 100 h (Figure 2a). The mass gain of the dual-
phase bee+B2 (HfCo)gg(NbMo);g alloy with f,.. = 13% was close to that of the HfCo alloy
until 15 h, followed by a nearly constant value of ~30 mg/cm?. Some variations in mass
gain at this stage could be an indication of the oxide scale spallation. In the dual-phase
bec+B2 (HfCo)75(NbMo),s alloy with fi.. = 28%, the spallation commenced already after
1 h, judging from the mass gain vs. time dependence. Only these three alloys survived
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after 100 h, and only the HfCo alloy retained a pristine form (Figure 2b). The specimen of
the (HfCo)9p(NbMo) alloy was partially spalled off, yet it saved its geometry and some
regions with an intact oxide scale. The (HfCo)75(NbMo),s5 alloy experienced a more serious
oxidation resulting in loss of integrity along the edge surfaces and some bending of the
oxidized remnants (Figure 2b).

(a) (b) HfCo (HfCO)oo(NBMO),, (HfCO),<(NbMo),s
120 y ’ '
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Figure 2. Mass gains for the (HfCo);99_x(INbMo)y alloys after cyclic oxidation tests at 1000 °C (a); an
overall view of the oxidized alloys after certain periods (b).

The other three alloys, namely, dual-phase bec+B2 (HfCo0)49(NbMo)go (fpec = 51%) and
(HfCo0)25(NbMo)75 (fpee = 76%) and single-phase bcc NbMo, demonstrated either rapid
mass gain or mass loss (Figure 2a). Visual inspection revealed complete disintegration of
the specimens of the (HfCo)49(NbMo)gg and (HfCo),5(NbMo)7s5 alloys after 5 h, while the
NbMo alloy oxidized already after 1 h (Figure 2b).

For the HfCo and (HfCo)go(NbMo)o alloys, we evaluated the oxidation kinetics
according to a well-known equation [46]:

Am = kt", (1)

where Am—the mass gain per unit surface area (mg/cm?); k—the oxidation rate constant
(mg/cm? h); t—time (h); and n—the time exponent. The entire curve of the HfCo alloy
can be fitted using n = 0.58 and k = 5.23 mg/cm? h?8, indicating near-parabolic oxidation
kinetics. In a part of the curve (0-15 h) prior to the spallation, the (HfCo)9o(NbMo)1¢ alloy
also displayed a near-parabolic regime with n = 0.46 and k = 7.75 mg/cm? h%46,

3.3. Structure after Oxidation

To better understand the underlying processes occurred during the oxidation, we
investigated the cross-sections and surfaces of the specimens in the beginning (1 h) and end
(100 h) of the tests. Only the survived HfCo, (HfCo)g9o(NbMo);o, and the (HfCo)75(NbMo);5
alloys were taken for detailed studies.

3.3.1. Cross-Section Analysis after 1 h

Figure 3 illustrates the cross-sections of the HfCo, (HfCo)go(NbMo)g, and
(HfCo)75(NbMo)y5 alloys after 1 h of oxidation. In the HfCo alloy (Figure 3a), the top
of the oxidized specimen was covered by a ~10 um-thick oxide layer (OL). The OL was
enriched with Hf and appeared to be rather dense (Figure 3a, Table 1). Beneath the OL, a
~20 pm-thick internally reacted zone (IRZ) was located. Inside the IRZ, we found alternate
(Hf, O)-rich and Co-rich (O-lean) areas. The bottom part of the IRZ was decorated with a
~4 um-thick dense Co-rich layer (Figure 3a, Table 1).
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Figure 3. Characterisation of typical cross-section areas of the HfCo (a), (HfCo)9g(NbMo);g (b), and
(HfCo)75(NbMo)ys5 (c) alloys oxidized at 1000 °C for 1 h: SEM-BSE images combined with SEM-EDS
maps. On the maps of the O distribution, the oxide layer (OL) and the internal reaction zone (IRZ)
are denoted. In the (HfCo)9o(NbMo);g (b) and (HfCo);5(INbMo)ys5 (c) alloys, the IRZ consisted of
IRZ_1 and IRZ_2 with higher and lower concentration of O, respectively. Yellow arrows in the Co
distribution maps of the HfCo (a) and (HfCo)99(NbMo)yg (b) alloys highlight the formation of a
Co-rich layer on the boundary between the IRZ and an unoxidized core.

Unlike the HfCo alloy, a ~10 um-thick OL of the (HfCo)9g(NbMo);¢ alloy was enriched
with Co (Figure 3b, Table 1). The OL was dense, though it contained occasional cracks and
pores. The bottom part of the OL was framed with a thin and discontinuous Mo-rich layer.
Below the OL, a ~45 um-thick IRZ composed of two characteristic regions was located
(Figure 3b, Table 1). The top of the first ~30 pm-thick region in the IRZ (IRZ_1) was covered
by thin (Nb, Co)-rich islands. The remaining part of IRZ_1 was presented by a mixture
of internally reacted B2 grains and bcc interlayers. Notably, the former B2 grains were
mostly composed of Hf, while the bcc interlayers were enriched with Nb. The Co content
was reduced in this region; Mo appeared to be evenly distributed. As the O penetration
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deepened, IRZ_1 transitioned to IRZ_2, the overall constitution of which partly resembled
that of the IRZ found in the HfCo alloy. Specifically, there were Co-rich (and O-lean) zones
that filled the gaps between Hf-rich areas. The distribution of Mo in this zone was similar
to Co. Analogous to the HfCo alloy, the boundary between the IRZ and unoxidized core
was delineated by a ~3 um-thick Co-rich layer (Figure 3b, Table 1).

Table 1. Average chemical compositions of the characteristic layers formed in the cross-sections of
the HfCo, (HfCo)9p(NbMo)19, and (HfCo);5(NbMo),s5 alloys oxidized at 1000 °C for 1 h.

Elements, at. %

Area of EDS Analysis Hf Co Nb Mo (0]
HfCo
OL 48.9 10.0 - - 41.1
IRZ 42.8 36.0 - - 21.2
Co-rich layer 21.7 78.3 - - -
(HfCo)g9(NbMo)19
OL 2.1 41.0 0.1 0.2 57.6
IRZ_1 21.5 44 2.7 1.0 70.4
IRZ_2 21.1 22.5 1.2 3.1 52.1
Co-rich layer 21.3 61.7 1.2 1.9 13.9
(HfCo)75(NbMo),5
OL 0.8 35.6 1.9 10.9 50.9
IRZ_1 42.8 5.2 5.4 0.2 46.4
IRZ_2 32.1 36.8 4.0 45 22.7

Compared to the HfCo and (HfCo)9y(NbMo)yg alloys, the ~10 pm-thick OL of the
(HfCo)75(NbMo)ys alloy was rather loose (Figure 3c). Its upper part was covered by
a Co-rich layer, while the bottom part was enriched with Mo (Figure 3c, Table 1). A
~35 um-thick IRZ, the outmost part of which was wetted with a (Nb, Co)-rich layer, was
found beneath. Similar to the (HfCo)9o(NbMo)j( alloy, the IRZ was composed of two
specific regions, namely IRZ_1 and IRZ_2. The microstructure of both regions replicated
that of unoxidized core, yet differed in the distribution of constitutive elements. Specifically,
inside IRZ_1, we found former B2 and bcc lamellae, which were composed of Hf and Nb,
respectively. Meanwhile, this region was lean in Co and Mo. Within IRZ_2, profuse Co-rich
(and O-lean) islands surrounded by Hf-rich lamellae were found. A tiny discontinuous
Co-rich layer that separated the bottom part of IRZ_2 and unoxidized core should also be
noted (Figure 3¢, Table 1).

3.3.2. Cross-Section Analysis after 100 h

After 100 h, remarkable changes in the constitution of the cross-sections were revealed.
The OL of the HfCo alloy became Co-rich, thicker (~70 pm), and contained some porosity
(Figure 4a, Table 2). The IRZ deepened (with a total thickness of ~750 um) and developed
into two zones with no clear difference in chemical composition between them. The
only difference was the O content: the much-thicker IRZ_1 was richer in O compared to
IRZ_2. In the bottom part of IRZ_1 and inside IRZ_2, we found thin lateral cracks, the
surfaces of which were covered with Co-rich layers. Similar to 1 h-oxidation, the interface
between the IRZ and the unoxidized core was decorated with the dense Co-rich layer
(Figure 4a, Table 2).
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Figure 4. Characterisation of typical cross-section areas of the HfCo (a), (HfCo)9g(NbMo);g (b), and
(HfCo)75(NbMo)as (c) alloys oxidized at 1000 °C for 100 h: SEM-BSE images combined with SEM-EDS
maps. On the maps of the O distribution, the OL and IRZ are denoted. In the (HfCo)75(NbMo)ys
(c) alloy, only IRZ is presented. Yellow arrows in the Co distribution maps of the HfCo (a) and
(HfCo)g99(NbMo)1g (b) alloys highlight the formation of Co-rich layers, which covered surfaces of
cracks inside the IRZ and the boundary between the IRZ and the unoxidized core.

In the (HfCo)9o(NbMo);y alloy, we examined the areas of the cross-sections that
remained intact (see Figure 2b). We found that the OL in these areas remained Co-rich,
while becoming looser (Figure 4b, Table 2). Inheriting a two-region constitution, the IRZ
of the (HfCo)9o(NbMo); alloy was thinner (~530 pm) compared to that of the HfCo alloy.
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However, we found numerous large lateral cracks in the central part of IRZ_1. The upper
surfaces of these cracks were covered with continuous Co-rich layers and discontinuous
Mo-rich islands. In turn, the specific elemental distribution inside IRZ_2 resembled that of
1 h-oxidation, with a clear separation between Hf-rich and Co-rich (and O-lean) regions.
Beneath, there was also the Co-rich layer that delineated the IRZ from the unoxidized core
(Figure 4b, Table 2).

Table 2. Average chemical compositions of the characteristic layers formed in the cross-sections of
the HfCo, (HfCo)99(NbMo)1g, and (HfCo)75(INbMo),5 alloys oxidized at 1000 °C for 100 h.

Elements, at. %

Area of EDS Analysis Hf Co Nb Mo (o]
HfCo

OL 0.8 40.1 - - 59.1

IRZ_1 18.2 13.8 - - 68.0

IRZ_2 21.7 22.0 - - 56.3

Co-rich layer 16.3 71.9 - - 11.8
(HfCo)go(NbMo)19

OL 0.3 42.4 0.7 04 56.2

IRZ_1 14.5 6.8 24 1.2 75.2

IRZ_2 20.0 21.0 0.9 2.2 55.9

Co-rich layer 10.9 66.1 24 2.8 17.8
(HfCo)75(NbMo),5

Top of the IRZ 13.6 12.6 54 0.9 68.6

Middle of the IRZ 10.2 12.7 4.2 3.3 69.6

Bottom of the IRZ 12.6 2.8 3.5 4.4 76.7

Since the (HfCo)y5(NbMo)ys alloy experienced multiple spallation events, no external
OL was found and only a part of IRZ could be identified (Figure 4c). The ~1300 um IRZ
was composed of numerous alternate layers separated by large cracks, the surfaces of
which were framed with thick Mo-rich layers and thin Co-rich islands (Figure 4b, Table 2).
Notably, the top of the IRZ was depleted of Mo, while its bottom part was lean in Co, in
contrast to the HfCo and (HfCo)9g(NbMo)¢ alloys.

3.3.3. Surface Analysis

The oxides on the surface of the HfCo, (HfCo0)9y(NbMo)1(, and (HfCo)75(NbMo),5
alloys were identified by XRD analysis. After 1 h of oxidation (Figure 5a), the sur-
face of the HfCo alloy was covered by two different types of a HfO, oxide, denoted
as HfO,_14 (ZrO,-b-prototype; mP12) [47] and HfO,_225 (CaF;-prototype; cF12) [48]. The
most intensive Bragg’s peaks belonged to HfO,_225, while HfO,_14 presented a series of
low-intensity reflections.

In the (HfCo)9p(NbMo)1¢ and (HfCo)75(NbMo)ys alloys, four different oxides were
found, namely CoO (NaCl-prototype; cF8) [49], HfO,_14, NbyCo409 (NboMnyOg-prototype;
hP30) [50], and MoOs; (MoOs-prototype; oP16) [51] (Figure 5a). CoO dominated in
both alloys, while, the intensity and number of the Bragg’s peaks corresponding to
other three oxides in the (HfCo);5(NbMo),s5 alloy were notably higher compared to the
(HfCo)g99(NbMo)1 alloy.

After 100 h of oxidation (Figure 5b), CoO became the dominant oxide in the HfCo alloy;
traces of HfO,_14 were also detected. While CoO still prevailed in the (HfCo)9p(NbMo)19
alloy and no new oxides were identified, we observed the increased intensity of HfO,_14
and Nb,Co0409 and the appearance of several new low-intensity reflections belonging to
MoO;3. In the (HfCo)75(NbMo)y5 alloy, we revealed the dominance of NbyCo4O9, HfO,_14,
and MoQOs. The intensity of the diffraction maximums related to CoO were significantly
lower compared to those of 1h-oxidation (Figure 5b).



Appl. Sci. 2023,13, 9336

9 of 14

o

1h Co0

* HfO, 14

v Nb,Co,O,
¢ MoOQ,

A HfO, 225

(HfCo),5(NbMo),s

.
£
i
t
.
E

yoo00 00y oC T 2 (HfCO)QO(NbMO)w

Intensity, A.U
%

~
| sAom ok oo

_:_ngggz.:J&_g:zzg_:_‘ﬁ-“--~« HfCo

20 40 60 80 100

20, deg.
(b)| 100h Co0
® HfO, 14
v Nb,Co,0,
D‘ . ) ¢ MoO,
< ’\‘..0;0": »u—ﬁjﬁ:‘}”'“""" 2 %4 (HfCo);5(NbMo),s
>-‘ - o'e " o
G| o spmslemenese == (HfCo)oo(NbMo),
@ b
[}
£ |
. 0o 8® 0 O _HfCo
/)”J—-/”-—
20 40 60 80 100
20, deg.

Figure 5. XRD patterns collected from the surfaces of the HfCo, (HfCo0)99(NbMo)g, and
(HfCo)75(NbMo)ys5 alloys oxidized at 1000 °C for 1 (a) and 100 (b) h.

4. Discussion
4.1. Oxidation Behaviour

The results of this study show that the chemical and phase composition has a profound
effect on the oxidation behaviour of the (HfCo)109_x(NbMo) alloys during cyclic testing
at 1000 °C. The single-phase B2-ordered HfCo alloy demonstrated the best oxidation
and spallation/disintegration resistances. Dual-phase bcc+B2 (HfCo)gg(NbMo)1g and
(HfCo)75(NbMo),s5 alloys with f,.. < 30% could withstand spallation at short exposures
and preserved an acceptable level of the integrity after 100 h, but, when f},.. > 50% in the
(HfCo)40(NbMo)gg and (HfCo),5(NbMo)7s alloys, the alloys disintegrated rapidly. The
single-phase bcc NbMo alloy appeared to be the most vulnerable to oxygen attack and
disintegrated completely after 1 h.

Analysis of oxidation kinetics (Equation (1)), which could only be performed for
the HfCo and (HfCo)99(NbMo);¢ alloys, revealed a near-parabolic regime in both alloys
that was an indication of a diffusion-controlled oxidation mechanism, involving the for-
mation of the protective scales. In the HfCo alloy, the protection was provided by the
external HfO;, or CoO scales formed at early (1 h) or late (100 h) stages, respectively
(Figures 3a, 4a, and 5; Tables 1 and 2). In turn, the addition of (NbMo)x could alleviate the
outward diffusion of Co, leading to the creation of the CoO layer on the top surface of the
oxidized (HfCo)g9(NbMo);g alloy from the initial stages of oxidation (Figures 3b, 4b, and 5;
Tables 1 and 2). In the latter alloy, CoO could also be considered as the protective oxide,
which seemed to partially counter the negative effect of the presence of the (Nb, Mo)-rich
bcc phase. Specifically, CoO could (i) block the outward diffusion of Mo and (ii) prevent
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the possible emergence of binary Nb-rich oxides [8] due to scavenging of the Nb cations to
a complex Nb;Co4Oy oxide(Figure 5).

In the meantime, the external CoO layer was permeable for the inward diffusion
of O that resulted in the development of deep internally reacted zones in the HfCo and
(HfCo0)9o(NbMo); alloys as the testing time progressed. These IRZs consisted of a dominant
HfO; and, in the case of the (HfCo0)9o(NbMo)g alloy, traces of Nb,Co4O9 and MoOs
(Figures 3a,b and 4a,b; Tables 1 and 2). Although no spallation occurred in the HfCo alloy,
we observed occasional cracks originated, most likely, from the repeated heating—cooling
cycles [52-54]. In the (HfCo)go(NbMo);g alloy, the cracks could additionally appear due to
the nucleation of the fast-growing and highly volatile MoOj5 [14]. However, although the
single-phase B2-ordered HfCo alloy was extremely ductile [36] and capable of preventing
the propagation of the cracks and, thus, to avoid the spallation, the less ductile dual-
phase bec+B2 (HfCo)go(NbMo)1 alloy remained pristine for a much shorter period of time,
accumulating the stresses which were finally relieved by partial spallation [31].

The poor oxidation and spallation/disintegration resistances of other alloys could be
rationalized by the example of the (HfCo);5(NbMo)ys alloy (Figures 3c and 4c). Despite
the CoO layer that also covered the 1 h-oxidized (HfCo)75(NbMo),s5 alloy, it was unable
to protect this alloy due to its loose constitution. Simultaneously, the high fraction of the
(Nb, Mo)-rich bcc phase that served as reservoirs for the harmful MoOj3 intensified the
spallation (Figure 4c). Eventually, the further (in dual-phase alloys) or complete (in the
NbMo alloy) replacement of the B2 phase, standing as a provider for CoO, with the bcc
phase aggravated the oxidation resistance and ability to sustain spallation/disintegration to
an unacceptable level, making the potential application of these alloys impossible without
protective coatings [55].

4.2. Comparison with Other RHEAs

To understand the protection level, which was provided by CoO, we compared the
mass gain values obtained after 1 h of oxidation at 1000 °C for the (HfCo)9o(NbMo)( alloy
and other RHEAs [9,18,19,21,23,24,31,56-60] (Figure 6). This period of time was chosen to
minimize the evaporation effects that accounted for misleading values of the mass gain
and to cover a higher number of the alloys available in the literature. We found that
the CoO-forming (HfCo)go(NbMo)yg alloy showing 7.1 mg/cm? could not compete with
RHEAs, the oxidation resistance of which relied on the rutile-type CrTaOy, gaining only
0.2mg/ cm? [56]. Meantime, the (HfCo0)qo(NbMo)1g alloy appeared to be more oxidation-
resistant compared to RHEAs protected by another rutile-type CrNbOy [17] or AlTaOy4 [59]
scales, or by layers composed of discontinuous complex (AINbOy, Ti;ZrOg) and simple
(Al O3, Cry0O3, ZrO,, TiO,) oxides [23,60] (Figure 6).

The (HfCo)9o(NbMo)g alloy also showed a better oxidation resistance compared
to a commercial Nb alloy C103 [1], which is used only in a coated state in aerospace
propulsion systems as thrust cones and high-temperature valves or in turbine engines
as thrust augmenter flaps. Bearing in mind the promising mechanical properties [36],
which can be improved by a proper heat treatment [40], excellent phase stability [40],
and acceptable oxidation/spallation resistance in an uncoated state that provides some
protectiveness in the case of coating failure, the (HfCo)9g(NbMo)1¢ alloy examined in the
present work appears to be a potential candidate for high-temperature applications, for
instance, as turbine blades, nozzles, and/or thrust augmenter flaps.
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Figure 6. Comparison of the mass gain after 1 h at 1000 °C of the (HfCo)99(NbMo);¢ alloy and other
RHEASs [9,18,19,21,23,24,31,56-60].

5. Conclusions

In this study, the oxidation behaviour of the bcc+B2 (HfCo0)109—x(NbMo)yx (x = 0; 10;

25; 40; 75; 100 (at.%)) RHEAs during cyclic oxidation at 1000 °C was investigated. The
following conclusions were drawn:

@)

@)

®)

The single-phase B2-ordered HfCo alloy demonstrated the best spallation resistance
and retained a pristine form after 100 h. The near-parabolic oxidation kinetics of
the HfCo alloy with n = 0.58 and k = 5.23 mg/cm? h%® was found. The protec-
tion was provided by the formation of the external HfO, or CoO layers after 1 or
100 h, respectively.

In the (NbMo)-containing alloys, the oxidation and spallation/disintegration resis-
tances degraded with an increase in the fraction of the (Nb, Mo)-rich bcc phase that
acted as a reservoir for the harmful MoOj3. Only the (HfCo)9g(NbMo)g alloy with
~13% of the bce phase could withstand the spallation up to 15 h and preserved the
acceptable integrity after 100 h, while the alloys with >50% of the bcc phase oxidized
and disintegrated completely after 1-5 h.

Before spallation, the (HfCo)gg(NbMo);g alloy showed near-parabolic oxidation kinet-
ics with n = 0.46 and k = 7.75 mg/cm? h?4¢, Unlike the HfCo alloy, the protection of
the (HfCo)9g(NbMo);¢ alloy initially relied on the exclusive CoO layer. Due to this,
the (HfCo)9o(NbMo)1( alloy was more oxidation-resistant compared to many other
RHEAs covered by scales composed of complex and/or simple oxides.
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