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Abstract: To improve the high-temperature oxidation resistance of TiAINb9 alloy, a Cr-Al-Y co-deposition coating was prepared on
the alloy surface by the pack cementation method. The microstructure of the coating was analyzed by scanning electron microscope,

energy dispersive spectrometer, and X-ray diffractometer, and the high-temperature oxidation properties of the substrate and coating at
1273 K were compared and studied. The results show that the Cr-Al-Y coating is about 30 um in thickness, and it has a dense
structure and good film-substrate bonding. The coating includes an outer layer composed of TiCr,, TiCr, Ti,Cr, and (Ti,Nb)Cr, phases
as well as an inner layer composed of Ti,Al, and Nb-rich y-TiAl interdiffusion zone. The TiAINb9 substrate forms an oxide layer

composed of TiO, and ALO, at 1273 K. Due to its loose and porous structure, TiO, oxide film cannot effectively isolate the internal
diffusion of element O, resulting in continuous oxidation damage to the substrate. The Cr-Al-Y co-deposition coating forms a dense
Cr,0, and Al,O, oxide layer during oxidation, effectively preventing the internal diffusion of element O and significantly improving

the high-temperature oxidation resistance of the substrate alloy.
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1 Introduction

TiAl-based alloys not only have the advantages of low
density and high specific strength of ordinary TiAl alloys, but
also have better high-temperature properties such as oxidation
and creep resistance. They are widely used in high temper-
ature components such as engine compressors and turbine
blades in the aerospace field" . At high temperature above
1073 K, the oxide layer formed on the surface of TiAl alloy
cannot effectively prevent the continuous erosion of element
O on the alloy, which seriously affects its service temperature
and service life”. Anti-oxidation coating” is prepared on the
surface of the alloy by surface modification technique, which
can form a dense oxide film during oxidation and effectively
hinder the erosion of element O. At the same time, the cost is
relatively low, the process flow is relatively simple, and the
performance of the original alloy can be retained to the
maximum extent, so it is widely used.
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In recent years, many researchers have done a lot of
research on anti-oxidation coatings. Rojas et al'’ deposited
Cr-Al-N coatings on M2 steel, which show excellent
oxidation resistance at 1273 K. Richter et al” prepared Al-Si
composite coating on binary transition metal (diboride) by
reactive arc evaporation technique, and results showed that
the coating has excellent oxidation resistance at 1473 K. Wu
et al™ deposited a diffusion aluminum coating on the surface
of TiAl alloy by electron beam physical vapor deposition
technique and formed a dense ALO, oxide film on the surface
of substrate at high temperatures, which greatly improved
the oxidation resistance of the alloy. Zhang et al® prepared
an aluminized modified coating on y -TiAl alloy by pack
cementation. The thickness of the coating is up to 70 um, and
the coating is closely combined with the substrate,
significantly improving the oxidation resistance in a high-
temperature environment.

The above research shows that the aluminide coating can
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form an effective protective coating on the surface of TiAl-
based alloy, thereby improving the high-temperature perfor-
mance of the alloy. However, the TiAl, phase formed on the

19" and it is easy to

pure aluminized coating is more brittle
produce penetrating cracks under high-temperature conditions,
resulting in the spalling of aluminized coating and acceler-
ating the failure of protective coating. Ref. [11—-12] showed
that adding element Cr to the Al coating not only improves the
bonding force between coating and substrate as well as the
strength of coating, but also plays a role in improving the
compactness of the oxide layer during oxidation, thereby more
effectively preventing the internal diffusion of element O. In
addition, rare earth element Y with the 4f orbit has a strong
adsorption effect on active atoms, which can effectively
promote the diffusion of active atoms such as Cr and Al,
refine the grains, and enhance the anti-stripping ability of the
coating!” ", In this study, the Cr-Al-Y co-deposition coating
was prepared on the surface of TiAINb9 alloy by pack
cementation. The microstructure of the Cr-Al-Y coating was
analyzed, and the oxidation behavior and oxidation
mechanism of TiAINb9 alloy and Cr-Al-Y coating at 1273 K
were investigated.

2 Experiment

Fig.1 shows the process flow diagram of pack cementation
and the schematic diagram of the device for preparing the Cr-
Al-Y coating. The experimental sample was TiAINb9 alloy
with the dimension of 7 mmx7 mmx2 mm, and the main
chemical composition was Ti-35A1-9Nb (at% ). The samples
were first polished with different specifications of SiC
sandpaper (400%# — 3000#), then washed, and dried. The
composition of the infiltration agent was optimized to be 4Al-
10Cr-2Y,0,-6NH,CI-78A1,0, (Wt%), in which Al and Cr are
powder with a purity of 99.9wt%, Y,O, provides rare earth
elements, NH,CI is a catalyst, and Al,O, is an inert filler. The
pretreated sample was placed in a corundum crucible with a
penetrating agent, and the crucible was sealed with a solid
binder. After standing for 12 h, it was placed in a vacuum
furnace and heated to 1323 K with the furnace. After holding
for 2 h, the crucible was taken out and air-cooled to room
temperature. Scanning electron microscope (SEM, German
Zeiss SIGMA 500) and energy dispersive spectrometer (EDS)
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were used to observe and analyze the surface and cross-
section morphologies and element distribution of the co-
deposition coating. X-ray diffractometer (XRD, XRD-6000,
3KW) was used to analyze the phase composition of the
coating.

The SX2-5-12A box-type resistance furnace was heated to
1273 K, and the TiAIND9 alloy and the Cr-Al-Y coating
sample were placed in the resistance furnace. The sample was
taken out and air-cooled to room temperature every certain
time (4 h). The FA1004 electronic analytical balance (0.1 mg)
was used to weigh the sample with a crucible. The oxide film
would peel off, so the crucible was weighed, and was calcined
before the experiment. The mass change data of sample were
recorded. This step was repeated until the end of the
experiment. To reduce the experimental error, five groups of
parallel experiments were conducted, and the average value
was obtained. The microstructure and composition of the
substrate and the coating after oxidation were characterized by
XRD, SEM, and EDS, and the oxidation mechanism was
analyzed.

3 Results and Discussion

3.1 Microstructure of Cr-Al-Y co-deposition coating

Fig.2a shows the surface morphology of the Cr-Al-Y co-
deposition coating. It can be seen that the surface of the
coating prepared at 1323 K for 2 h is dense and smooth, and
there are fine black TiCr, particles in localized areas. The
cross-section morphology in Fig.2c shows that the thickness
of the coating is about 30 pm, the structure is uniform and
dense. There is obvious stratification, and the layers are
tightly bonded. The thickness of the outer layer (number 1) is
about 17 pm, and it is light gray. EDS element distribution
mapping in Fig.2e shows that the element Cr in the outer layer
is rich. Combined with the analysis of XRD patterns, the outer
layer is mainly composed of TiCr,, TiCr, (Ti, Nb)Cr,, and
Ti,Cr phases. The thickness of inner layer (number 2) is about
6 um, and it is dark gray. The inner layer is rich in element Al.
The elemental concentration distribution curves in Fig. 2d
shows that the Ti: Al ratio is about 2: 1. Combined with the
XRD pattern analysis in Fig.2b, it could be seen that the inner
layer is Ti,Al phase. The thickness of the interdiffusion zone
(number 3) is about 7 um, which is composed of striped bright
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Fig.1 Process flow diagram of pack cementation (a) and schematic diagram of device for preparing Cr-Al-Y coating (b)
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Fig.2 Surface morphology (a), XRD patterns from outer layer to interdiffusion zone (b), cross-section morphology (c), and elemental concen-

tration distribution curves (d) of Cr-Al-Y co-deposition coating; EDS element mappings corresponding to Fig.2c (e-h)

white structure and dotted dark gray structure. The content of
element Nb in interdiffusion zone is significantly higher than
that in other layers. Combined with the Ti-Al binary phase
diagram™%, it could be seen that the dotted dark gray structure
in the interdiffusion zone is y -TiAl phase, and the striped
bright white structure is Nb-rich y-TiAl phase. It is worth
noting that the element Y only exists in the outer layer, and its
content is very small. Except for the outer layer, the element Y
is not detected in other layers, and there is no diffraction peak
of the related compound phase of Y in XRD pattern. This
might be because Y is dissolved in Ti-Cr or Ti-Al compounds,
or the compound content of Y is very small.

3.2 High-temperature oxidation property

3.2.1 Oxidation kinetics of TiAINb9 alloy and Cr-Al-Y
coating at 1273 K

Fig. 3 shows the oxidation kinetics curves of TiAINb9
alloy and Cr-Al-Y coating at 1273 K and the statistical
diagram of oxide layer thickness at different oxidation times.
Fig.3a shows that the mass gain of the substrate is relatively
slow at the initial stage of oxidation, and it rises sharply after
20 h, reaching 9.23 mg/cm’ at 52 h. The mass gain rate of the
Cr-Al-Y coating is relatively high at the initial stage of

oxidation and also changes around 20 h. After that, the mass
gain tends to be gentle, which is only 2.49 mg/cm’ at 52 h. It
could be seen from Fig.3b that under the same oxidation time,
the oxide layer thickness of the substrate is much larger than
that of the coating. And the oxide layer thickness of the
substrate reaches about 60 pm after oxidiation for 10 h, while
the thickness of the coating is about 20 pm. The above
phenomena indicate that the Cr-Al-Y coating has a significant
protective effect on the TiAIND9 alloy under high-temperature
conditions.
3.2.2 High-temperature oxidation of TIAINbY alloy at 1273 K
Fig.4 shows the surface morphologies and XRD patterns of
TiAINDY alloy after oxidation at 1273 K for 0.5, 5, and 10 h.
Fig.4a shows that the substrate surface after high-temperature
oxidation for 0.5 h is dark gray on the whole with some light
gray areas, and the dark gray area is relatively flat. EDS
analysis combined with XRD patterns in Fig.4d shows that the
main components in this area are TiO, and a small amount of
TiO. The enlarged image of the light gray area shows that
there are obvious bulges and spalling, the surface particles are
strong, and the density is poor. The EDS result of Area 2
shows that the main components include Al,O, and TiO,.
Compared with the unpeeled zone (Areas 1 and 2), the content
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Fig.3 Oxidation kinetics curves (a) and oxide layer thickness (b) of TiIAINb9 alloy and Cr-Al-Y co-deposition coating at 1273 K



2742 Hao Qingrui et al. / Rare Metal Materials and Engineering, 2025, 54(11):2739-2748

Area Olat% Ti/at% Al/at% Nb/at%
17615 21.41 244
2 6492 1756 16.67 085
3 4740 36.68 14.14 1.78

Protrusion

‘a3

/Q

Area O/at% Ti/at% Al/at% Nb/at%
10 'pun 4 6977 29.90 033

Spalling

5 6596 435 29.14 0.55

A AN

% Al/at% Nb/at%
6 7732 21.08 1.40 020
7 3263 65.76 026 135

Intensity/a.u.

10 20 30 40 50 60 70
20/°)

Fig.4 Surface morphologies with corresponding EDS results (a—c) and XRD patterns (d) of TiAINbY alloy after oxidation at 1273 K for different

time: (a) 0.5 h, (b) 5h, and (c) 10 h

of element Ti increases by about 71% and the content of
element Nb increases significantly after the peeling of the
light gray structure (Area 3), indicating that the TiAINDb9 alloy
is not completely oxidized below the peeling zone.

Fig.4b shows that after high-temperature oxidation for 5 h,
a large number of worm-like bulges are formed on the substrate
surface in the upper left corner. The enlarged image shows that
the substrate surface is stacked by gray cubic particles with
different sizes, and there are obvious internal propagation
cracks, while the accumulation of large particles forms a worm-
like bulge on the surface of substrate. EDS result of Area 4
and XRD analysis show that the cubic particle structure is
TiO,, the content of element Al at the crack (Area 5) is
29.14at%, and the main components are Al,O, and TiO,.

In Fig.4c, the substrate surface after high-temperature oxida-
tion for 10 h has obviously changed compared with that be-
fore oxidation. It could be seen from the low-magnification
morphology in the upper left corner that there is a clearly visible
granular structure with cracks and flaking, and the density is
poor. The massive particle structure in the enlarged image is
composed of TiO, and a small amount of ALO,. The
composition of the spalling zone shown in Area 7 is mainly
TiO,.

Fig.5 shows the cross-sectional morphologies of TiAINb9
alloy after oxidation at 1273 K for 0.5, 5, and 10 h and EDS
element mappings corresponding to Fig. 5c. Table 1 shows
EDS results of typical phases marked in Fig.5. Fig.5a shows
that after high-temperature oxidation for 0.5 h, an oxide layer
with a thickness of about 7 pm is formed on the substrate
surface. The structure of the oxide layer is loose, some areas
are peeled off, and obvious cracks appear at the junction with
the substrate. The EDS result shows that the oxide layer is a

mixed phase of TiO, and Al,O,. The content of element Ti in
the upper part of the oxide layer (Area 8) is higher than that of
element Al, and the opposing situation occurs in the region
near the substrate (Area 9).

Fig. 5b shows that the thickness of the oxide layer on the
substrate surface increases to 25 pum after high-temperature
oxidation for 5 h, and obvious stratification occurs. The
outer layer is light gray, and the inner layer is dark gray.
There are transverse holes at the interface between the
outer layer and the inner layer. The cubic granular structure
can be seen on the upper part, which is consistent with
the worm-like bulge structure in Fig. 4b. The outer layer
(Area 10) is mainly composed of TiO,, and the inner layer
(Area 11) is mainly composed of Al,O,. EDS result of Area
12 shows that the content of element Ti in the embedded
structure is significantly higher than that in the inner layer.
According to analysis, the structure is a mixed phase of
AlO, and TiO,, and the content of TiO, is relatively high.
Therefore, the color is different from the dark gray color
of the inner layer, but presents a light gray close to the
outer layer.

In Fig. 5c, the thickness of oxidation layer after 10 h of
high-temperature oxidation increases to about 60 um, and
the stratification is similar to that after 5 h. The obvious
difference is that the proportion of the inner layer increases
significantly and that of the middle layer decreases. The outer
layer shows irregular particle stacking, which is consistent
with the obvious increase in pores and cracks in Fig.4c. There
are many holes and cracks in the middle layer connecting
the outer layer, and the binding force is poor. The inner
layer is filled with small holes, and a large number of holes
near the substrate side expand into transverse -cracks.
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Fig.5 Cross-sectional SEM images of TiAINDb9 alloy after oxidation at 1273 K for 0.5 h (a), 5 h (b), and 10 h (c); EDS element mappings

corresponding to Fig.5¢ (d)

Combined with Table 1 and Fig.5d, the outer layer (Area 14)
mainly contains elements O and Ti, indicating the TiO, phase.
The middle layer (Area 15) is rich in element Al, and the
content of Ti is rare. The composition is mainly ALO,
phase. The inner layer (Area 16) is a mixed phase of TiO,
and AlL,O,. The content of element Nb increases obviously. A
large amount of element Al is enriched at the crack (Area 17),
and the content of element Nb in Area 18 reaches 19.48at%,
indicating that the element Nb inside the substrate diffuses
outward.

In Fig. 5b, the content of element O at the junction of the
substrate and the oxidation layer (Area 13) reaches 41.15at%,
and element O is also detected in Area 18 (Fig.5¢c). And it can
be seen from Fig. 5d that element O has diffused to the
substrate after oxidation for 10 h, indicating that the surface

Table 1 Chemical composition of areas marked in Fig.5

Element/at%
Area

o Ti Al Nb
8 67.79 20.42 11.15 0.64
9 61.90 10.55 24.91 2.64
10 63.13 34.68 1.76 0.43
11 58.15 0.47 39.81 1.57
12 39.75 28.53 17.60 14.12
13 41.15 19.73 24.85 14.27
14 70.55 28.80 0.65 -
15 61.24 3.84 34.76 0.16
16 66.39 27.14 3.03 3.44
17 61.84 4.92 31.17 2.07
18 21.10 31.52 27.90 19.48

oxidation layer produced by oxidation of TiAIND9 alloy
cannot prevent the internal diffusion of element O.
3.2.3 High-temperature oxidation mechanism of TiAINb9

alloy at 1273 K

At the initial oxidation stage of TiAINb9 alloy, TiO, and
Al O, nucleate at the same time, because the thermodynamic
stabilities of TiO, and Al,O, are similar. However, the lattice
structure of TiO, has strong disorder, resulting in its growth
rate being much larger than that of Al,O,. Therefore, the early
oxidation layer is mainly composed of TiO,, and the diffused
element Al is enriched below the oxidation layer, which
promotes the formation of subsequent ALLO,"7". At the same
time, Al has a certain solubility in TiO,””. The element Al
enriched below the oxidation layer will gradually diffuse to
the TiO, layer and combine with O to form AlLO,, which is
dark gray within the oxidation layer shown in Fig.5b. In the
subsequent oxidation process, the TiO,-dominated and ALO,-
dominated oxidation layers are alternately generated and
stacked to form an oxide product layer with a composite
structure. As shown in Fig.5c, after 10 h of oxidation, a TiO,
oxidation layer is formed under the Al,O, oxidation layer, and
a large amount of element Al is enriched at the transverse
cracks inside the newly formed TiO, oxidation layer.
According to the growth process of the oxidation layer, it can
be inferred that this area is a new Al,O, oxidation layer to be
formed.

The application of the alloy under high-temperature condi-
tions depends on the isolation effect of the oxidation products
coated on the alloy surface on the element O during the
oxidation process. The TiO, at high temperature has a rutile
structure®! (tetragonal system, D,h point group). Under the
condition of high oxygen concentration, oxygen vacancy™ is
the main defect. The element O in the air diffuses rapidly to
the substrate through the channel formed by the oxygen
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vacancy in TiO,, which provides a necessary condition for the
continuous oxidation of elements Al and Ti enriched below
the oxidation layer. The single ALO, oxidation layer has a
good density and a positive effect on avoiding alloy oxidation.
However, through the analysis of Fig.5b, it can be seen that
the outer layer of the oxidation layer is TiO,, and the inner
layer is composed of TiO, and Al,O,, which is not a single
AlO, layer and cannot prevent the element O from continuing
to diffuse inward. Therefore, TIAINbY alloy exposed to high-
temperature environment will continue to oxidize and
eventually fail. The evolution process of oxidation layer
corresponding to different oxidation time of TiAINbY alloy is
shown in Fig.6.

3.2.4 High-temperature oxidation of Cr-Al-Y coating at

Oxygen partial
pressure

Oxygen passage

TiO,

ALO, + TiO,

TiAIND9 alloy

TiAIND9 alloy

1273 K

Fig.7 shows the surface morphologies and XRD patterns of
Cr-Al-Y coating oxidized at 1273 K for 5, 30, and 50 h. The
low-magnification morphology in the upper left corner of
Fig. 7a shows that the surface of the coating is relatively
smooth after 5 h of high-temperature oxidation. There are
fine granular and dark gray island structures distributed in the
enlarged image. The structure (Area 19) is rich in Al, which is
mainly ALO, phase. The light gray structure (Area 20)
contains Cr,O, and TiO,, and the granular bulge is mainly
Cr,0,. Some of the bulges are damaged, resulting in punctate
spalling. The ratio of Ti to Cr is close to 1:2, and the content
of O is 13.83at% in Area 21 after spalling. It might be due to
the damage and spalling of the bulge caused by oxidation
under the internal stress caused by thermal expansion,

Crack

0.5h S5h 10h

Fig.6 Evolution process of oxidation layer of TIAIND9 alloy after oxidation at 1273 K for different time
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Fig.7 Surface morphologies with corresponding EDS results (a—c) and XRD patterns (d) of Cr-Al-Y coating after oxidation at 1273 K for
different time: (a) 5 h, (b) 30 h, and (¢) 50 h
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exposing the outer layer of the incomplete oxidation layer
composed of TiCr, and TiCr phases.

In Fig.7b, the dark gray structure on the surface of the layer
oxidized at high temperatures for 30 h is relatively reduced
and more dispersed. EDS analysis of Area 22 shows that the
dark gray structure on the surface of the layer oxidized for 30
h is significantly more than that oxidized for 5 h. The content
of elements Cr and Ti increases significantly, the content of
element Al decreases relatively, and a small amount of
element Nb is detected, indicating that the elements in the
layer diffused outward with the prolongation of oxidation
time. By comparing the enlarged images of Fig.7a and 7b, it
can be seen that the granular protrusions on the surface of the
oxidation layer oxidized for 30 h increase significantly, and
flake spalling (Area 24) appears. Combined with XRD
analysis in Fig.7d, it is found that the main part after spalling
is Cr,0,, and the Ti content of the oxidation layer is always
relatively low, indicating that the oxide product formed on the
surface of the oxidation layer is compact, which can
effectively prevent the external diffusion of elements inside
the oxidation layer.

In Fig. 7c, the surface morphology of the Cr-Al-Y coating
after oxidation for 50 h changes significantly compared with
that after 30 h, forming the concave and convex morphology.
The enlarged image shows that different from the dense
surface structure in Fig.7a —7b, the surface of coating after
50 h of high-temperature oxidation has net-like structure,
which is loose and porous. The O content of the convex part
(Area 25) is as high as 89.82at%. The main component is Ti
oxide, and the content of elements Al and Cr is very small.
The composition of the concave part (Area 26) is the same
as that of the convex part. All of them are oxides of Ti, but
the content of Al and Cr increases, and element Nb appears,
indicating that with the prolongation of oxidation time, the
oxidation layer cannot maintain effective density for a
long time, resulting in the external diffusion of elements in

5 um

the layer.

Fig.8 shows the cross-sectional morphologies of the Cr-Al-
Y coating after high-temperature oxidation at 1273 K for 5,
30, and 50 h and EDS element mappings corresponding to
Fig.8c. The EDS results of the typical phases marked in Fig.8
are shown in Table 2. Fig.8a shows that an oxidation layer of
about 5 um in thickness is formed on the surface of the layer
oxidized at high temperature for 5 h. The oxidation layer
(Area 27) contains Cr,0,, TiO,, and ALO,, which is consistent
with the analysis results in Fig. 7a. Oxygen is not detected
below the oxidation layer (Area 28), and the EDS analysis
results show that the composition content of this area is
similar to that of the outer layer composed of TiCr, and TiCr
phases, indicating that oxygen is blocked in the outer layer of
the Cr-Al-Y coating after oxidation for 5 h.

Fig.8b shows that the thickness of the oxidation layer after
30 h of high-temperature oxidation increases to 10 pum, and
the upper end of the oxidation layer peels off. The spalling
product (Area 29) is analyzed as Cr-rich and Al-rich TiO,
phases. The product layer with a thickness of about 1 um at
the upper end of the oxidation layer is the same as the spalling
product in color and composition. The oxidation product
(Area 30) below the spalling layer is mainly Cr,0,. No
element O is detected in Area 31 below the oxidation layer,
indicating that the Cr,O, oxidation layer formed after 30 h of
oxidation is dense and uniform, which can effectively prevent
the internal diffusion of element O.

In Fig. 8c, the oxidation layer after high-temperature
oxidation for 50 h has a great change compared with that
before the treatment. Firstly, there is obvious stratification in
the structure. The oxidation outer layer is dark gray, and there
are obvious holes. The EDS result of Area 32 shows that the
dark gray structure is composed of Cr-rich and Al-rich TiO,
phases, which is consistent with the analysis of oxidation
layer surface in Fig. 7c. The oxidation intermediate layer is
light gray, and the EDS analysis results of Area 33 show that

Pores

Cracks

Cr—Allq{' coa’t‘ing

5 pm 5 um

Fig.8 Cross-sectional SEM images of Cr-Al-Y coating after oxidation at 1273 K for 5 h (a), 30 h (b), and 50 h (c); EDS element mappings

corresponding to Fig.8c (d)
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Table 2 Chemical composition of areas marked in Fig.8

Composition/at%
Area

6} Ti Cr Al Nb Y
27 29.66 9.48 49.62 11.24 - -
28 - 39.79 51.98 3.25 4.98 -
29 68.96 27.52 2.34 0.97 0.21 -
30 40.42 8.39 46.94 3.42 - 0.83
31 - 72.14 14.88 - 12.98 -
32 74.34 23.65 1.08 0.93 - -
33 63.85 4.82 21.56 8.94 0.83 -
34 59.59 0.66 1.35 38.40 - -
35 29.34 27.80 32.21 2.63 8.02 -
36 - 67.37 20.41 0.58 11.64 -

the layer is mainly composed of Cr,0, and ALO,. However,
due to long-term oxidation erosion, oxidation intermediate
layer (Cr,O, and Al,O,) and oxidation outer layer (TiO,) are
combined with a large number of holes, which might
subsequently develop into transverse cracks, resulting in the
spalling of the oxidation layer. The oxidation inner layer is
black-gray, the structure is loose, and a large number of holes
are distributed. EDS result of Area 34 shows that there is a
large enrichment of element Al. The analysis shows that the
black-gray structure is ALO, phase. Element O is detected
below the oxidation layer in Area 35, but it is not detected in
Area 36. It shows that the compactness of the surface
oxidation layer of the Cr-Al-Y coating after high-temperature
oxidation for 50 h is reduced, and the blocking effect on
element O is weakened. However, the unoxidized layer can
still prevent the internal diffusion of element O, which
significantly improves the high-temperature
resistance of TIAIND9 alloy.

3.2.5 High-temperature oxidation mechanism of Cr-Al-Y

coating at 1273 K

oxidation

In the early stage of oxidation, the element O firstly
contacts with the Cr-Al-Y coating, and a large number of Ti
and Cr atoms in the outer layer of the coating combine with O
to form the corresponding oxides, namely TiO, and Cr,0O,,
respectively, which are the main reason for the faster
oxidation mass gain rate in the early stage of the coating.

Because the free energy of Ti is less than that of Cr, the
]

diffusion rate of Ti atoms is greater than that of Cr atoms"™"®
Therefore, the content of TiO, in the initial oxidation layer is
greater than that of Cr,O,, while the rutile structure of TiO,
layer is loose and porous, which cannot effectively prevent the
diffusion of element O. With the prolongation of oxidation
time, element O diffuses inward through the TiO, oxide layer,
and a large amount of element Cr diffuses outward in the

coating. Under the TiO, oxidation layer, element Cr combines
with the internally diffused element O to form an oxidation
layer dominated by Cr,O, phase. Because element Y enhances
the adhesion of the oxide layer under the pinning effect™, the
continuous and dense Cr,0O, oxidation layer can effectively
hinder the internal diffusion of element O and the external
diffusion of element Ti. As shown in the oxidation kinetics
curve of coating in Fig.3a, due to the protection of the Cr,O,
oxidation layer, the oxidation mass gain rate of the coating
tends to be stable in the middle of the test. In addition to the
change of the oxidation layer, it can be seen from Fig.8a—8c
that the thickness of the inner layer and the interdiffusion zone
of the coating increases significantly during the high-
temperature oxidation process. This is attributed to the
external diffusion of element Al in the substrate at high
temperature. This process leads to the formation of Ti,Al and
y-TiAl phases, which are subsequently deposited into both the
inner layer and interdiffusion zone, ultimately resulting in
increased thickness.

In the later stage of oxidation, the element Cr continuously
diffuses outward to form a Cr,O, oxidation layer, and the
remaining vacancies cannot be effectively filled, thus forming
an element channel. Therefore, the element Al can pass
through the barrier of the outer layer of the coating to diffuse
outward to the oxidation area, and combine with O to form an
AlLO, oxide layer. Although the outer layer of the coating
forms a channel for element diffusion, the diffusion rate of
element Al weakens due to the loss of element Cr and the poor
compactness of the coating, failing to supply sufficient Al.
This results in the generation of numerous vacancies. A large
number of vacancies accumulate to form Kirkendall holes,
which grow and merge to form holes, as shown in Fig. 8c.
After the holes merge, they expand into cracks (Fig.9), laying
a hidden danger for the subsequent spalling of the oxidation
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Fig.9 Schematic diagrams of microstructural evolution of Cr-Al-Y co-deposition coating after oxidation at 1273 K for different time

layer. The oxidation layer and the change process of the Cr-Al-
Y coating at different oxidation time are shown in Fig.9.

4 Conclusions

1) The thickness of Cr-Al-Y co-deposition coating prepared
by pack cementation at 1373 K for 2 h is about 30 um, and
it can be divided into three layers, including the outer
layer, the inner layer, and Nb-rich y-TiAl interdiffusion zone
layer. The outer layer is composed of TiCr,, TiCr, Ti,Cr, and
(Ti, Nb)Cr, phases. The inner layer is composed of Ti,Al. The
coating is uniform and dense, which maintains good
metallurgical bonding with the substrate.

2) The TiAINbY alloy is oxidized at 1273 K to form an
oxidation layer mainly containing TiO, and a small amount of
AlO,. The oxidation layer is loose and porous, accompanied
by cracking and spalling, which cannot prevent the damage of
element O to the alloy.

3) The oxidation products of Cr-Al-Y coating mainly
include Cr,O, and ALO,. With the prolongation of oxidation
time, the oxidation products accumulate to form a dense
protective film, which effectively prevents the internal
diffusion of element O. After oxidation at 1273 K for 50 h, the

substrate can still be protected from oxidation erosion, which

significantly —improves the high-temperature oxidation
resistance of TiIAIND9 alloy.
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