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Abstract: A Cr/CoNiCrAlTaY bilayer coating was prepared on the Ti—45A1-8.5Nb alloy by plasma surface metallurgy
technique. The as-prepared coating with a grain size of ~2 um exhibited a dense microstructure and strong adhesion due
to metallurgical bonding, consisting of outermost Cr layer and CoNiCrAlTaY transition layer. The typical power-law
relationship between mass gain and time was obtained for the coated specimens with a rate exponent of 3.18 following
oxidation at 1173 K. The top Cr,0s film and spinel oxides (i.e., NiCr,O4 and CoCr,04) exhibited a protective effect with
a low oxidation reaction rate. Interfacial analysis identified Ta precipitates (Cr.Ta and TaAl3) and Ta oxides (Ta,Os and
Tay03), which played an essential role in retarding rapid diffusion and enhancing adhesion and oxidation resistance.
Key words: TiAl alloy; Cr/CoNiCrAlTaY coating; oxidation resistance; interface; adhesion

1 Introduction

p-TiAl alloy has a broad application in the
aerospace industry due to the superior properties
such as low density, high specific strength, and
good creep resistance at high temperatures [1-3].
However, the similar oxygenophilic elements Ti and
Al in y-TiAl alloy can promote the formation of
mixed TiO, and ALQO; instead of a protective
0-AlO; film in the range of 1023—1073 K, which
deteriorates the oxidation resistance [2—4]. MCrAlY
(M=Ni and/or Co) coatings as a typical bonding
layer of thermal barrier coatings (TBCs) have been
successfully applied to Ni-based superalloys [5].
Inspired by this design, MCrAlY coatings have
been prepared on y-TiAl alloy [5—7], achieving the

improved oxidation resistance of TiAl alloys by
forming a continuous AL,O; scale. However, applying
these coatings on TiAl alloys remains limited by
degradation caused by the interfacial interdiffusion
of elements, i.e., compositionally rich/poor layers,
where thermally grown oxide could induce thermal
stress and microcracks.

To alleviate these issues, several strategies
have been extensively proposed, including diffusion
barriers (i.e., AlLOs [8,9], Cr,Os [10], Cr, and
Mo [11,12]) between the coating and TiAl alloy, or
doping refractory metals (i.e., Ru, Hf, Re, and
Ta [13—15]) in MCrAlY (M=Ni and/or Co) coatings.
In the diffusion barrier, new issues are inevitable at
the interface of the MCrAlY coatings/diffusion
barrier/TiAl alloys due to mismatch in physical and
mechanical properties (i.e., coefficient of thermal
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expansion and Young’s modulus) during thermal
cycling [8]. Alternatively, refractory metal-doped
MCrAIY coatings exhibit a stable microstructure
and sluggish interdiffusion, indicating promising
research significance. The refractory element Ta
serves as a stabilizer for Ti and Nb metals,
suppressing degradation of the microstructure and
mechanical properties of TiAl alloys [16,17].
Moreover, Ta-doped MCrAlY coatings have shown
good properties in retarding the interdiffusion [18].
However, several factors including the preparation
method, Ta content, and phase/structure will
play the combined roles in the performance of Ta-
doped MCrAlY coatings, leading to controversial
results [19,20]. Moreover, the various mobilities of
atoms can lead to transformation among multi-
phases, along with the generation of oxides during
high-temperature oxidation under practical oxygen
pressure. Thus, the roles of phase transition and the
oxide/alloy interface during the oxidation remain
unclear. Furthermore, due to a trace amount of
refractory elements (1%—10% of Ta addition),
the Ta microstructures inthe coatings remain
unknown, limiting the further understanding of
microstructure and oxide evolution during oxidation.
Therefore, it is important to study the phase
evolution of Ta-doped MCrAlY coatings and

interfacial structure during oxidation at high
temperature.

Plasma surface metallurgy technique (PSMT)
offers significant advantages, including

metallurgical bonding between the coating/substrate,
gradient distribution of the elements, and no
pollution [21]. Coatings prepared by PSMT exhibit
fine grains, good crystallinity, high orientation
randomness, and a dense structure, differing from
coatings prepared by high-velocity oxygen fuel
(HVOF) [22—-24]. This approach has also been used
to improve the surface properties (e.g., hardness,
wear, corrosion, and oxidation resistance) of
various substrates, such as Mo [25], Cr [26], and
CrCoNiAITiY [27] coating on y-TiAl alloy and
NiCoCrAlY coating on Inconel 718 alloy [28,29]. A
robust coating of aerospace components (e.g.,
turbine blades) requires certain characteristics
including a stable microstructure, good oxidation
resistance, strong adhesion, and spallation
resistance to ensure its stability in the service
environment. Cr,0s3, formed from pure Cr or Cr

alloys at high temperature, will grow slowly, and it
has been extensively utilized as an oxygen barrier
and corrosion-resistant material. This work has
studied the deposition of Cr/CoCrNiAlTaY bilayer
coatings onto y-TiAl alloy using PSMT, to achieve
coatings with enhanced adhesion and oxidation
resistance. In this study, the growth behavior of
thermally growth oxides (TGO) during high-
temperature oxidation was investigated by X-ray
diffraction (XRD) and scanning
microscopy (SEM). Furthermore, transmission
electron microscopy (TEM) was used to examine
the transformation of Ta precipitates and interfaces
after oxidation, offering further insights into the
influence of Ta doping on the oxidation resistance
of MCrAlY coatings.

electron

2 Experimental

2.1 Substrate materials

An ingot with a nominal chemical composition
of Ti—45A1-8.5Nb—0.2W—-0.2B—0.02Y (atomic
ratio), abbreviated as Ti—45A1-8.5Nb alloy, was
prepared by magnetic levitation melting. Specimens
with dimensions of 10 mm X 10 mm X 5 mm were
cut by wire electrical discharge machining as

substrate. Before fabricating the coatings, all
specimens were ground and polished to a
mirror-like  surface, ultrasonically cleaned in

alcohol for 5 min, and then dried with an air drier.

2.2 Coating preparation

PSMT was used to deposit coatings on
Ti—45A1-8.5Nb specimens. The plate target with a
chemical composition of Co—30Ni—20Cr—12Al—
2Ta—0.2Y (wt.%) served as the transition layer. A
Cr target with 99.95% purity was used as the
external coating to deposit Cr/CoNiCrAlTaY
bilayer on the substrate. The CoNiCrAlTaY target
was prepared by powder metallurgy [21,27-29].
The deposition process was conducted at 1123 K in
a high-purity Ar atmosphere (~99.99% purity) for
30 min. The working pressure was set as 4x1072 Pa,
and argon gas was pressurized to 44 Pa. The source
and cathode voltages were set as 700 and 445V,
respectively. All surfaces of each substrate were
coated with the Cr/CoNiCrAlTaY bilayer coating
to avoid mass measurement errors caused by
uncovered surfaces during oxidation.
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2.3 Oxidation and characterization

The initial size and mass of each sample were
measured, and the samples were placed in quartz
crucibles. The samples and quartzes crucible were
weighed using an electrical balance with an
accuracy of 0.0001 g (ME104E), and then placed
together in a corundum crucible for oxidation at
1173 K in a muffle furnace. The crucibles and
samples were removed and cooled to room
temperature after 10 h of oxidation. The total mass
including the crucibles and samples (and spalling
parts) was measured by an analytical balance at
least five times. Then, the samples and quartz
crucibles were put back in the muffle furnace.

The surface morphologies of Cr/CoNiCrAlTaY
coated specimens were analyzed before and after
oxidation by SEM (Zeiss Gemini300, Germany),
and the chemical composition was analyzed by
energy-dispersive X-ray spectroscopy (EDS). The
microstructure of the samples was examined by
XRD (Rigaku DX-2700, Cu K, radiation, Japan) at
a step angle of 0.01° and a scanning speed of
10 (°)/min. The microstructure of oxides and
chemical analysis were studied by a transmission
electron microscope (TEM, FEI-Talos F200S/FEI
Tecnai G2 F20 X-Twin, USA) equipped with EDS.
The specimens for TEM testing were prepared
by using a focused ion beam (FIB, FEI NanoLab
Strata 400S, USA). The scratch test was carried out
by a scratch tester (HT-3001A) to obtain the
scale/film/Ti—45A1-8.5Nb
substrate. A scratch tester with a Rockwell diamond
indenter applied a load increasing at 80 N/min up to
200 N.

adhesion the oxide

3 Results

3.1 Microstructure of as-prepared Cr/CoNiCrAl-
TaY coating

Figure 1 shows the XRD pattern of the
as-prepared Cr/CoNiCrAlTaY coating, where the
diffraction peaks at 38.1°, 40.2° and 43.5° are
assigned to the outermost Cr coating. Comparison
with PDF standards reveals the presence of several
compounds (i.e., AlCr,, Co,Ta, Al3Ni,, TaAls and
AlCo), suggesting that the CoNiCrAlITaY transition
layer comprises multiple phases.

Figure 2 shows the surface and cross-sectional
morphologies of the specimens. The top layer is

o ¢Cr TiAl o AlCo
+AlCr, = Ti;Al Co,Ta
+Cr,Ta Al;Ni, v TaAl,

!

20 30 40 50 60 70 80 90
20(%)

Fig.1 XRD pattern of Cr/CoNiCrAlTaY coated
specimen before oxidation

composed of Cr grains with sizes ranging in
0.5-2 um (Fig. 2(a)). The Cr top-layer exhibits an
island-like morphology, a characteristic feature of
coatings fabricated by PSMT, as reported for

0 [25] and Cr [26—30]. In contrast to MCrAlY
(M= Ni, Fe, and Co) coatings deposited by thermal
spraying [5] or additive manufacturing [31], the
as-prepared coating displays a dense, crack-free
structure with fine surface grains (Fig. 2(b)). The
cross-sectional morphology (Fig. 2(c)) shows that
the interface is free from delamination and/or
microcracks. EDS line-scanning reveals that the top
Cr layer (i) has a thickness of (3.8+£0.5) um, while
the CoNiCrAlTaY transition layer (iii) measures as
~(6.0£0.3) um. An interdiffusion zone (ii) forms
between the Cr layer and the transition layer
(Fig. 2(c1)), and a similar interdiffusion zone (iv)
develops between the transition layer and the
substrate (Fig. 2(c2)). These diffusion zones play a
critical role in enhancing the adhesion of the
Cr/CoNiCrAlTaY coating to the substrate. Notably,
the intensity of Ta, as evidenced by counts per
second (CPS), is higher at diffusion interfaces ii and
iv than in the transition layer iii.

To gain a deeper understanding of the coating,
the as-deposited specimens were characterized by
TEM. Figure S1(a) in Supplementary Information
(SI) shows the bright-field (BF) scanning TEM
image, with an inset depicting the FIB-prepared
foil. The transition layer, marked by a yellow box
in Fig. 3(a), is further analyzed via elemental
mappings (Fig. S1(b) in SI). Figure 3(a) shows the
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Distance/um

Fig. 2 SEM images of coating: (a, b) Surface morphology; (c—c») Cross-sectional morphologies of interface and
transition layer—substrate interface; (d) Line-scanning result of (c)

Cr,Ta

5 (103)
(210) ®

F\O//‘o( 3

Fig. 3 HRTEM and FFT images of coating before oxidation: (a) Coating; (b, ¢) Cr,Ta and strain maps; (d) Cr; (e) TaAls
(data from Fig. S1 in SI)
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HRTEM image characterizing the structure of the
CoNiCrAlTaY layer, corresponding to the marked
region of Fig. SI1(b) in SI. In the HRTEM image,
d-spacing values of 0.245 and 0.227 nm were
measured for Cr,Ta (210) and (113) in the
interface-adjacent region (bright blue box), which
were identified as Cr,Ta by the [361] zone axis in
the FFT image (Figs. 3(b), (b1)). The simulated
HRTEM image and atomic model verify the
hexagonal (C14) structure and atomic arrangement
of Cr,Ta structure (Figs. 3(b2), (b3)). Cr.Ta, a Laves
phase, has a melting point above 2293 K, exhibiting
a stable lattice structure at high temperature [32].
Moreover, precipitation and coarsening kinetics in
the Cr—Ta system remain extremely sluggish even
at 1473 K, indicating retarded diffusion [33].
Moreover, dislocations were observed at the
Cr/CoNiCrAlTaY interface (denoted by T in
Fig. 3(b)), indicating severe lattice mismatch and
high strain concentration. Strain maps for &, and
&y, obtained via geometric phase analysis (GPA),
reveal the strain distribution around dislocations
(Figs. 3(c), (c1)). Similarly, Cr [112] in the top
layer (Figs.3(d)—(d3)) and TaAl; [110] in the
CoNiCrAlTaY layer (Figs. 3(e)—(e3)) were identified
using the same characterization approach. Studies

013) T2
(J]é) e(I()J)
/

e ®
(T10)
%

have shown that TaAl; forms at a non-parabolic
growth rate within 673—798 K during solid-state
diffusion in the Al-Ta system [34].

The interface was free of voids (Fig. S2(a) in SI),
which is consistent with previous findings [27—29].
EDS mapping analysis shows that Al
distribution correlates well with Cr and Co, while
Ta distribution is consistent with Al at the interface.
Local regions near the interface in the HRTEM
image were further analyzed (Fig.S2(b) in SI).
AlCr, with [331] zone axis was identified from
HRTEM lattice fringes (Fig. 4(a)) and FFT analysis
(Fig. 4(a1)) of the selected region (green boxes in
Fig. S2(b) in SI). This identification was verified by
its simulated HRTEM image (Fig. 4(az)) and atomic
model (Fig. 4(as)). Additionally, ArCos4 [001] in
the CoNiCrAlTaY layer (Figs.4(b)—(b3)), and
TisAl [012] (Figs. 4(c)—(c3)) and TiAl [111]
(Figs. 4(d)—(d3)) in the substrate were also
identified.

3.2 Oxidation Kinetics

Figure 5 shows the oxidation kinetics curves of
the Cr/CoNiCrAlTaY coated specimens in static air
at 1173 K for 200 h. The Ti—45A1-8.5Nb alloy
exhibited a mass gain (Am) of 1.7 mg/cm?, in good
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Fig. 4 HRTEM and FFT images of interface between CoNiCrAlTaY layer and substrate: (a) AlCr»; (b) ArCos; (c) TizAl;

(d) TiAl (data from Fig. S2 in SI)
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Fig. 5 Isothermal oxidation kinetic curves at 1173 K for
200 h: (a) Ti—45A1-8.5Nb alloy; (b) Cr/CoNiCrAlTaY
coated specimen

agreement with previous studies [3,26]. By contrast,
the Cr/CoNiCrAlTaY coated specimen showed a
mass gain of 1.0 mg/cm?. A power-law equation
was used to describe the relationship between the
mass gain and oxidation time [26—28,35]:

Am/A =kpt” (1)

where A represents the specimen area, ¢ is the
oxidation time, k, is the oxidation rate, and » is the
rate exponent. The n-value for the Ti—45A1-8.5Nb
alloy was 1.41, obtained by fitting a logarithmic
function (inset in Fig. 5(a;)), R is the goodness of fit,
and this value deviated from the parabolic law (n=2)
of protective oxide films. Notably, the coated
specimen exhibited n-value of 3.18, indicating
that the enhanced oxidation resistance stemmed
from not only retarded oxygen diffusion via the
formed Cr,0O;3 protective layer but also oxidation
and chemical reactions within the CoNiCrAlTaY
coating.

3.3 Microstructure and cross-section evolution

during thermal oxidation

Figure 6 presents the XRD patterns of the
Cr/CoNiCrAlTaY coated specimens after oxidation
at 1173 K in air. Notably, diffraction peaks from the
oxide (i.e., Cr03), compounds (i.e., Cr,Ta, AINi,
and AlCo,Ta), and the substrate were indexed for
oxidation time ranging from 1 to 50 h (Fig. 6(a)).
This is attributed to the X-ray detection depth of
10—20 pum, corresponding to the depth of the Cr/
CoNiCrAlTaY coating. Furthermore, the diffraction
peaks of metallic phases disappeared with increasing
oxidation time (i.e., 50 h). while the intensity of

(a) v ! + a-AlOy ¥ NiCr,0,
200h ! | + Cr,0; CoCr,0,
+ | |

|

i

‘
- +a-ALO; ¥ NiCr,0,
i *Cr,0, CoCr,0,

= Ti,Al * Cr,0,

® AINi
® AlCo,Ta

20 30 40 50 60 70 80 90
200(°)

(b) Y

1 1 i 1 1
50 h 1 I 1 1
. i 1 I | 1
1 I | 1
1 1 + | 1
\ * 1 X 1
I ] 1
10 h ! !
1 1
1
|

200(°)

Fig. 6 XRD patterns of Cr/CoNiCrAlTaY coated
specimens after oxidation



Zhen ZENG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1837—-1854 1843

Cr,0s diffraction peaks increased, particularly at 26
of 24.49° and 36.20°, corresponding to the (012)
and (110) crystal planes, respectively. This indicates
that the formed Cr,Os layer thickens with increasing
oxidation time. Additionally, oxides such as Al,Os,
NiCr,0s, and CoCr04 identified by
comparison with PDF standards. However, at
oxidation time of 100 and 200h, the Cr;O;
peak intensity decreased while that of Al,Os
increased. Notably, spinel oxides (NiCr,O4 and
CoCr204) exhibited enhanced diffraction peaks
intensity. Figure 6(b) shows the XRD result within
32°-46°, indicating that the diffraction peaks at
~35.8° and 38.5° shifted to lower 260 values, which
is associated with lattice parameter changes and
thermal stress.

Figure 7 presents the surface morphologies
of the Cr/CoNiCrAlTaY coated specimens after
oxidation. Notably, fine oxide particles form on the
surface after 10 h of oxidation (Figs. 7(a), (a1)). In
contrast to the as-prepared morphologies in
Figs. 2(a) and (b), the specimen surface after 10 h
of the oxidation is covered by dense Cr,Os grains,
specifically 13—290 nm in size. EDS mapping and
point analysis (Table 1) reveal a uniform chemical
composition, suggesting the formation ofa stable
Cr20; film. Gully-like regions contain fine Cr2Os3
grains (Figs. 7(b), (b;)). while the surface also
features densely packed, sharply defined rhombus-
shaped CrO; oxides ranging from ~180nm to
1.0um  (Figs. 7(c), (c1)). However, during
prolonged oxidation at 200 h, the surface
morphology exhibits intact and defective regions
(marked by iv and v in Fig. 7(d)). Notably, 1-3 um
holes form among the oxides in the defective region
(Fig. 7(d1)). Table 1 shows that the oxides are rich
in O and Cr, with trace Ni and Co elements. This
suggests that a Cr;Os film forms during initial
oxidation, which later evolves spinel compound
films (NiCr,04 and CoCr,0O4) as oxidation time
increases.

The cross-sectional images and chemical
composition of the Cr/CoNiCrAlTaY coated
specimens after isothermal oxidation are shown in
Fig. 8. The O and Cr chemical elements indicate
that a continuous Cr20;3 film forms on the outermost
layer after 100 h of oxidation (Fig. 8(a)), which
is in agreement with the surface composition
(Figs. 8(a)—(as) and Table 1). The intermediate layer

were

is composed of mixed oxides (Al,O3, NiCr,Os, and
CoCr;04) formed by oxidation of Al, Ni, Cr, Co and
O. As oxidation time increases (Fig. 8(b) and
element distribution maps), continuous Al,Os layers
are observed immediately beneath the uppermost
Cr,0s film, as confirmed by O and Al distribution
analysis. Moreover, Ti diffuses toward the
CoNiCrAlTaY transition layer but does not
penetrate the Cr,O; film surface (Figs. 8(b1)—(be)).
Ni and Co diffuse toward the outer layer and
substrate, with their diffusion layers maintaining a
consistent thickness of 3 pm.

3.4 Adhesion

Figure 9 shows the adhesion properties and
scratch morphologies of the coated specimens. The
initial break force (Lc1) and peel-off force (Lc2) of
the coatings were determined based on the sudden
increase in the acoustic signal. Specimens before
isothermal oxidation exhibited a sharp peak at
192 N (Fig. 9(a)), indicating strong adhesion.
Numerous microcracks perpendicular to the scratch
direction were observed in the surface morphology
prior to the sudden change in the acoustic signal
(Fig. 9(a1)). Moreover, the Cr layer (Point 1 in
Fig. 9(a2), and chemical composition in Table 2)
and the CoNiCrAlTaY layer covered the entire
scratched surface, attributed to their good plasticity
and toughness. By contrast, several spalling zones
(marked in Fig.9(a3)) formed at the interface
between the scratch and the surface (marked by the
yellow dashed line) near the scratch end. Chemical
composition analysis of Point 2 revealed that the
spalling zone exposed substrate. During coating
deposition, the substrate surface was bombarded by
numerous argon ions, inducing vacancies and
defects [21]. Consequently, pre-sputtered metal ions
from the target penetrated the substrate surface and
readily formed a gradient diffusion layer,
contributing to the high adhesion strength between
the coating and substrate [26—29].

By contrast, the L. and L, values for the
specimens after 100 h of oxidation were 140
and 173 N (Fig. 9(b)), respectively. Both L¢; and L
decreased as oxidation time increased (Fig. 9(c)).
The adhesion forces of the specimens were higher
than those of the Cr coatings [26]. Moreover, the
scratch was covered with Cr,Os (Points 3 and 9).
The high Cr content in the spalling zone (Points 4
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S S oOxidation 10 h

Fig. 7 SEM and high magnification images of coated specimens after oxidation at 1173 K in air for 10 h (a, a)),

50 h (b, by), 100 h (c, ¢1), and 200 h (d, dy)

and 5) and the scratch (Point 6) indicated the
presence of the Cr metal and/or its compounds.
However, chemical composition analysis at Points 7
and 8 suggested that the spalling zone consisted
of the CoNiCrAlTaY layer and the substrate. In

addition to Cr;O; (Point 9) in the scratch, the
involved elements involved in the layers exhibited
Cr-rich but non-stoichiometric characteristics (Point
10), indicating that the coating was not completely
oxidized after 200 h of oxidation. Similarly, the
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Table 1 Chemical compositions of Cr/CoNiCrAlTaY coated specimens before and after oxidation for 1-200 h tested by
EDS mapping (M) and point analysis (P) (data from Figs. 2(b), 7 and 8) (at.%)

Time/h Area o Cr Al Co Ni Ti Ta Nb
0 M - 99.4 0.6 - - - - -
M-i 64 354 0.6 - - - - -
10 P-1 64 35.7 0.3 - - - - -
M-ii 60.1 38.8 0.1 0.2 0.1 0.5 - -
% P-2 64.4 35.1 0.3 - - - - -
M-iii 63.7 29.9 1.6 3.2 1.6 - - -
P-3 63 32.6 0.2 3.5 0.5 0.2 - -
100 P-4 12.1 - 352 6.1 7.2 335 - 5.9
P-5 2.3 0.5 43.8 6.8 9.1 25.9 - 11.5
200 M-iv 60.2 36.6 0.9 1.3 1 - - -
M-v 423 19.6 2.6 14.2 18.6 23 0.4 -

Fig. 8 SEM cross-sectional images of Cr/CoNiCrAlTaY coated specimens after oxidation and elemental distribution:
(a) 100 h; (b) 200 h

elements at Point 11 on the scratch belonged to 3.5 Interface of coating/substrate during oxidation
the CoNiCrAlTaY layer, whereas Point 12 in the Figure 10 presents the TEM BF images of the
spalling zone originated from the substrate. coated specimen after 10 h of oxidation. Figure 10(a)
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Fig. 9 Scratch test results and SEM images of Cr/CoNiCrAlTaY coated specimens after isothermal oxidation: (a) 0 h;

(b) 100 h; (c) 200 h

Table 2 Chemical compositions of marked Points 112 in Fig. 9 by EDS-pointing scan analysis (at.%)

Time/h O Cr Al Co Ni Ti Ta Nb
0 4.2 92.1 1.4 - - 1.5 0.7 -
- 0.6 39 11.3 8.3 34 - 6.8
54.9 30.9 6.4 1.2 0.8 4 1.8 -
10.3 85.5 1.3 - - 2 0.9 -
28.5 68.8 1.3 - - 1.4 - -
100
452 46 4.9 - - 35 0.4 -
18.6 1.8 32.1 7.1 5 25 - 10.4
73 34 6.2 23.6 8.5 49.1 - 1.8
68.7 29.1 1.3 - - 0.9 - -
27.4 46.8 2.9 16 4 1.4 1.5 -
200
38.5 28.5 7.4 6.4 4.6 11.4 32 -
- 1 50.4 7.4 7.3 26.1 - 7.8

shows the HRTEM image of the region marked by a HRTEM (Fig. 10(c) and FFT analysis (Fig. 10(c1)).
yellow box in the inset, which indicates a distinct The selected region (blue box in Fig. 10(c)) is
boundary. A particle-like precipitate with a size of =~ shown in the simulated HRTEM image and its
~110 nm is observed (Fig. 10(b)), and is identified atomic arrangement model (Figs. 10(c2), (c3)),
as Ta,Os [101] via d-spacing measurement from further confirming Ta,Os. Additionally, GPA strain
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image and corresponding strain maps of Ta,Os; (d, ) HRTEM and FFT images of coating; (f) HRTEM image and

corresponding strain maps of CaO

maps for & and ¢, reveal local strain in the vicinity
(Figs. 10(c4), (cs)). The region marked by a yellow
box in Fig. 10(d) is identified as an amorphous
structure based on the FFT image (Fig. 10(e)),
attributed to the PSAT fabrication process. The
presence of an amorphous phase and metastable
oxides aligns with the XRD results for the
short-term oxidation. The pink-boxed region in
Fig. 10(d) is indexed as CoO [011] via FFT analysis
(Fig. 10(f1)) and d-spacing values, as shown in
the HRTEM image (Fig. 10(f)). CoO is further
confirmed by its simulated HRTEM and atomic
model (Figs. 10(f2), (f3)). GPA analysis indicates a
non-uniform strain distribution (Figs. 10(fs), (fs)).
Figure 11 shows the HRTEM and FFT images
of the oxide scale and subsurface region of the
Cr/CoNiCrAlTaY coated specimen after oxidation
at 1173 K for 100 h. The top layer consists of the
Cr0; scale, beneath which several dark precipitates
(5-28 nm in size) are observed (Fig. S3(a) in SI).
HRTEM characterization of the interfacial region
marked by green and yellow boxes Fig. S3(a) in SI
is shown in Figs. 11(a, b). CrCo,Os [011] and
YAIO; [354] are confirmed by their HRTEM
images, atomic models, and simulated HRTEM

images, validated by crystal fringe measurements
and FFT calibration (inset in Figs. 11(a, b)).
Additionally, Figure S3(b) in SI reveals a local
precipitate region at the interface with its elemental
distribution. Figure 11(c) shows the precipitate-
containing region (purple box in Fig. S3(a) in SI),
where precipitates are located at grain boundaries.
Two regions around the precipitate (purple and
bright-blue boxes in Fig. 11(c)) are identified as
spinel oxides ALNiOs [051] and Ta,Os [211]
(Figs. 11(d, e)). GPA strain and distortion maps of
the interface region (Figs. 11(ci—c4)) indicate the
presence of shearing strains (ey) and distortions
(&n)-

According to Figs. 1, 3 and 4, Cr/CoNiCrAlTaY
coated specimens consist of a top Cr layer and
multiple phases in the subsurface CoNiCrAlTaY
layer, where the Ta-containing phases are identified
as Cr;Ta and TaAls. The coated alloy exhibits
improved oxidation resistance and strong adhesion
(Figs. 5 and 9). The uniform Cr,Os surface and
microcrack-free interface indicate that the coating
restricts the diffusion of oxygen ions and retards
interdiffusion among the oxide among the oxide
scale, coating, and substrate (Figs. 6—8). Moreover,
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Fig. 11 HRTEM and FFT images of coated specimens after oxidation at 1173 K for 100 h: (a) Cr(CoOs3),; (b) YAIOs;
(c) HRTEM image and strain maps of oxide scale in Cr/CoNiCrAlTaY coating; (d) NiALOs; (e) TaxO; (data from

Fig. S3 in SI)

the outward diffusion of elements (Al, Ni and Co)
initiates voids in the Cr2O; layer with the increasing
oxidation time and forms spinel oxides (CoCr;0s,
and AIbNiOy), as confirmed by TEM and HRTEM
results (Figs. 11(a) and (d)). The Ta oxides are
further identified as Ta;Os [101] and Ta,Os [211].

4 Discussion

The oxidation of y-TiAl alloy is almost always
accompanied by the poor spalling resistance of the
oxide scale, which is attributed to competitive
growth between TiO, and Al,Os; [3—6], thereby
limiting the actual service temperature [36]. In this
study, the Cr/CoNiCrAlTaY-coated TiAl alloy
exhibits superior oxidation resistance compared to
the substrate at 1173 K.

Figure 12 illustrates a schematic diagram of
oxidation, interdiffusion and degradation, which
can roughly define the following processes based
on the chemical reaction between oxygen and
elements in contact. In the early oxidation stage
(I—I0), the adsorbed oxygen (O., Stage 1) starts to
react with Cr atoms to form Cr,Os. The chemical
reaction occurs in the Cr film at 1173 K in a muffle

furnace under air. Thermodynamic data are
obtained using an Ellingham-Richardson diagram
[37,38], according to the following equation:

Cr(s)+02(g)—Cr205(s) )

where the standard Gibbs free energy (AG®) is
—815.2 kJ/mol (Fig. 13). When a continuous Cr,0O;
film forms (Stage 1I—III), the oxidation mass gain
rate is determined by diffusion along the grain
boundary, as described by Eq. (2), until the Cr layer
is consumed and oxidized to form the CrO; film
(Stage II), as marked as i1 in Fig. 13. Then, more
elements are involved in the chemical reactions
between the Cr,O; and the CoNiCrAlTaY layer, as
illustrated in the following equation:

Cr203(s)+M(5)+02(g)—>MCr204(s) 3)

where M denotes Ni and Co elements. Due to the
outward diffusion of Ni and Co, Cr,Os reacts with
Ni and Co to form NiCr,Os and CoCr;0s,
as labeledii in Fig. 13. The formation of these
spinel oxides aligns with the XRD results in Fig. 6.
Moreover, Al can be oxidized owing to the negative
AG® (—1298.1 kJ/mol), yet its low concentration
leads to stable oxidation (Stage III). The chemical
reaction is as follows:
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Fig. 12 Schematic diagram of Ct/CoNiCrAlTaY coating on Ti—45A1—8.5Nb substrate

Al($)+02(g)—>ALOs(s) “4)

With prolonged oxidation, the interdiffusion of
elements involved and oxidation results in oxide
phase transformation (Stage [II—IV), as marked by
Stages III and IV in Fig. 12. This includes at least
three types of chemical reactions: (i) oxygen reacts
with M (Eq. (5)), (ii) metals, including M and N (Cr
and Al), react with oxygen (Eq.(6)), and (iii)
reactions between N»O; oxides (e.g., Cr.O; and
AlO3) and MO oxides (e.g., CoO, NiO) (Eq. (7)),
as shown in Figs. 10(f) and 11(c, h). In addition,
despite the high oxidation reactivity of Ta
(Ta;0s, AG®=—1530 kJ/mol) and Y (Y.03, AG®=
—1569 kJ/mol), Ta and Y have lower concentrations
and slower diffusion rates than other metals (Co, Ni
and Cr), thus influencing the chemical reactions in
Stages III and IV. The chemical reactions are
marked as iii in Fig. 13.

M(s)+02(g)—>MO(s) (5)
M(8)*+N(8)+02(g) >MN204(s) (6)
MO(s)+N203(s)+02(g)—MN:04(s) @)

The strong adhesion arises from metallurgical
bonding during coating deposition and inter-
diffusion among the Cr/CoNiCrAlTaY/alloy. The
diffusion coefficient of Cr on the Ti—45A1-8.5Nb
alloy is ~1x10"#pm?s at 1073 K during PSMT
fabrication [26]. Argon plasma bombardment of the
y-TiAl  substrate during deposition
high-concentration surface
gradient distribution [21]. This bombardment also
heats the substrate to the target temperature.
Facilitated by high-temperature vacancy diffusion,
robust adhesion is achieved, as shown in Fig. 9(a),

creates
vacancies with a

consistent with prior reports: L. values of 145 N for
Cr coatings [26] and 172 N for CoNiCrAlTaY on
Ti—45A1-8.5Nb [27]. Following continuous Cr,O;
film formation, O and Cr diffusion coefficients
decrease to ~1x1077 and 1x10~® um?/s at 1073 and
1273 K, respectively. The CoNiCrAlTaY/y-TiAl
interface shows no delamination even after 200 h.
Furthermore, @ TEM  analysis identifies Ta-rich
phases (C14 Cr,Ta and TaAls) in the CoNiCrAlTaY
coating (Fig. 3) and Ta oxides (Ta>Os/Ta>03) after
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thermal oxidation (Figs. 10 and 11), indicating
high-temperature oxidation of Ta-rich phases via
Cr;Ta (or TaAl;)—>Ta,Os (and/or TaxOs). Figure 14
depicts the atomic structure and oxidation process.
The Cr;Ta features a primary cubic ( Fd3m, C15)
phase and hexagonal (Pe/mmc, Cl14 and C36)
phase with Cry/Cry sites (dash red circle in Fig. 14).
Metastable C14 transforms to C15 via C36 with
composition adjustments [39]. Diffusion coefficient
of Cr atoms exceeds that of Ta by 2—3 orders of

i

OF iii: Cr,0,#Ni0—NiCr,0,

iii: ALLO#NiO—NiAlO,

> iii: Cr,044rCo0—CoCr,0,
\

-100 -
150 ii:C|'203+Ni+l/202——>CIZNiO4 it NH—\/I 0,—Ni1
ii: ALONi+1/20,—NiALO

ii: Cr,0,+Co+1/20;, >CoCr,04

-200 //1’“_“’,__,—‘—1/——

[ i:2Cr+3/20,—2Cr0

AG®/(kJ-mol™)

-1200 ¢

ii: 2ALNI+20,~NIALOs

-1600 £

900 1000 1100 1200 1300
Temperature/K

Fig. 13 Standard Gibbs free energy change with
temperature of possible oxides
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Fig. 14 Atomic structure and oxidation process

magnitude under pre-existing Cr/Ta vacancies
[32], making Cr,Ta diffusion Cr-controlled. Thus,
Cr atoms in micron-sized Cr;Ta migrate during
high-temperature oxidation, forming an outer Cr,Os
layer and enhancing oxidation resistance [40,41].
The diffused Cr atoms create vacancies
that facilitate O diffusion into the alloy (Fig. 14).
TEM image confirms Ta oxides (Ta>Os/Ta,O;3) after
oxidation (Figs. 10(c) and 11(e)). In comparison,
TaAl; belongs to the [4/mmm space group
(prototype, TiAls) [42]. with Al/ Al sites versus a
single Ta site (Fig. 14). Due to the high diffusivity
of Al, TaAl; can form even below 773 K [35,43].
Additionally, the Ta/Al coating exhibits improved
oxidation resistance on IMI 834 titanium alloy at
1073 K. Although the Al-33Ta alloy exhibits good
oxidation resistance due to outward diffusion of Al
atoms, which forms a protective Al,Os film during
initial oxidation above 1173 K, the rapid diffusion
of Al coupled with sluggish Ta mobility leads
to subsurface voids, cracks, and oxidation
degradation after prolonged exposure [44,45].

During high-temperature  oxidation, the
formation of voids and microcracks in the oxide
scale is closely associated with oxide growth and
thermal stresses. Thermal stress o. induced by the
mismatched thermal expansion can be expressed as
follows [46,47]:

o= 298
1-v,

e [ (g, — )T (8)

where E. and v. denote the elastic modulus and
Poisson’s ratio, respectively, as and a. represent the
temperature-dependent ~ expansion  coefficients
(CTEs) of the coatings (Cr,0s;, MCrAlY) and
y-TiAl substrate, respectively. The CTE of Cr;Os3
increases from 4.2x107%/K at room temperature to
7.7<10°%K at 1173 K [47], whereas that of
MCrAlY rises from 14.3x107® to 17.1x107%/K over
the same temperature range [48,49]. Furthermore,
the CTE value of the y-TiAl alloy increasing from
9.7x107%/K at 298 K to 12.1x107°/K at 1173 K [50].
Using Eq. (6), o was calculated for both Cr,O; and
MCrAlY. At 1173 K, the MCrAlY layer experiences
a significant compressive stress of —3.54 GPa,
consistent with reported values for Fe—46Ni—24Cr—
4.8A1-0.05Y and Ni—20Cr—12.6A1-0.11Y [51].
Previous studies have shown that compressive
stress  suppresses microcrack formation and
propagation during thermal cycling [52]. In contrast,
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the Cr,O; scale harbors residual tensile stress of
~1.19 GPa (Fig. 15), which drives void and
microcrack formation [47]. Notably, after 200 h of
oxidation, voids form in the oxide scale but not in
the CoNiCrAlTaY coating (Fig. 11(d)).

A
poe
P sk
JUTOUIOs “AM
1o A A e

(=]

|
[\
T

Thermal stress/GPa

MCTrALY substrate
—4 | —*— Cr,0,-MCrAlY

460 6(I)0 860 1 OIOO 1 2I00
Temperature/K
Fig. 15 Residual stress of Cr,03 and MCrAlY layers of
current coating deposited on Ti—45AI-8.5Nb alloy at
high-temperature oxidation

Overall, the oxidation process of the Cr/
CoNiCrAlTaY coated specimens involves initial
oxidation of the top Cr layer, followed by stable and
mixed oxidation stages (Fig. 12). This oxidation is
accompanied by oxide formation (Fig. 13) and
increasing residual stresses (Fig. 15), driving the
evolution of oxide structure, morphology, and
adhesion properties (Figs. 6, 7 and 9). Extensive
studies on MCrAlY/TiAl alloys have shown
that refractory metals (i.e., Mo, Re, Hf, W and
Ta) modified-MCrAlY (M=Ni, Co) coating
suppress interdiffusion and enhance oxide scale
adhesion [16,17]. Ta-rich phases, including TaAls
[110] and Cr,Ta [361], are further oxidized to Ta,Os
[101] and Ta,Os [211] (Figs. 10(c) and 1l(e)).
CroTa significantly restricts interdiffusion and
improves oxidation resistance.

5 Conclusions

(1) The coating consisted of a Cr top layer,
CoNiCrAlTaY deposited layer and diffused layers.
Compounds such as Cr,Ta, AlCr; and AlCo4 formed
near the interface. Moreover, the crack-free bilayer
coating exhibited robust adhesion caused by
metallurgical bonding during fabrication.

(2) The coated specimens exhibited good
oxidation resistance at 1173 K. The Cr layer was

oxidized on the Cr,O; film with a low oxidation
reaction rate. With the extended oxidation time,
spinel oxides such as NiCr,O4 and CoCr,04 formed
due to the diffusion of Ni and Co toward the
surface.

(3) The Ta-containing phases were identified
as CroTa and TaAls precipitates by HRTEM, and the
Ta-oxide nanoparticles were indexed as Ta>Os and
Ta,0s, which played an essential role in improving
the rapid diffusion, adhesion, and oxidation
resistance of the oxide scale/coating/substrate.
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y-TiAl 4RI Cr/CoNiCrAITaY XUEHE AL
B3 8 = B 2 e S T RAE

Y %, ERM, TR OB R, AT, AAZAL, EHW, TAKR! HKHRS

LORJEH TR MORREE S TR, K 030024;
2. bRk HR 2 REch, b5 100083;
3. dERRHRY: BB RHE R E A, Jbat 100083

W E: RASETHREmASHEARAE Ti-45A1-8.5Nb & 4K MH| % Cr/CoNiCrAlTaY XZRZE. BRZEHEINZ
ff) Cr A1 CoNiCrAlTaY 3§24, SRR~ 2108 2 um, BATSBCE W BMEA SN RIFRR4ESE /. 7 1173K
TEAR, REREG RS2 ARERECCR, EERECN 3.18. GE&RMEMK T R ML Cra0s BLKER
fn A EA AN NiCr20a 1 CoCr204, I HHAMN R BHE LR . ST K, Ta i AH(ELFE CraTa F1 TaAls)LA
K Ta A Ta20s Fl Tax03)Xf T LY H1. W& /1A mitE b R 2 E AR

K41 TiAl 54 Cr/CoNiCrAlTaY iR)2; Pkt Fim; WEH
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