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Abstract: To shield TiAl alloy from hot corrosion attack, a compact protective coating was fabricated by the
combination of aluminizing, anodization and pre-oxidation. The hot corrosion behavior of the coated-TiAl specimen
was investigated in the mixture salt consisting of 75 wt.% Na,SO, and 25 wt.% NaCl at 700 °C. Results indicated that
the anodization and pre-oxidation were beneficial to the generation of Al,O; layer, which could act as a diffusion barrier
to prevent the molten salts and oxygen from diffusing into the alloy during exposure to a hot corrosion environment
while the aluminizing coating could provide sufficient aluminum source to support the continuous formation of Al,O4
layer. Moreover, the internal stress of the coating was reduced due to the formation of a gradient coating consisting of

T1A13 and T1A12 .
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1 Introduction

Till now, much effort has been devoted to
improving the mechanical properties and oxidation
resistance of TiAl alloy, a promising substitute for
nickel-based superalloy [1—6]. If used in aerospace,
however, corrosive substances such as NaCl/KClI,
Na,S04/K,SO,4 and Na,VO; may deposit on TiAl
alloys [7-11]. When service under -elevated
temperature, hot corrosion will occur between these
salts and substrates, therefore destroying the
protective surface oxides and accelerating the
degradation of the alloys [12—17].

As well known, increasing aluminum content
is an effective method to enhance the oxidation
resistance of TiAl alloys [18]. This is because high
Al content benefits the formation of an Al-enriched
scale. But GODLEWSKA et al [9,19] reported that

Ti—46Al1-8Ta (at.%), Ti—46Al-8Nb (at.%) and
Ti—6Al-1Mn (at.%) were all not resistant to
corrosion when these alloys were contacted with
salt deposits, e.g. Na,SO, and/or NaCl at 700 and
800 °C. On the other hand, applying protective
coating to prevent the contaminated salt from
attacking the substrate is an efficient approach
to improve the corrosion resistance of TiAl
alloy [10,20—-25]. TANG et al [20,21] investigated
the influence of TiAICr and enamel coatings on the
hot corrosion resistance of TiAl alloys. Results
showed that these two coatings exhibited good
resistance against hot corrosion resistance for TiAl
in (Na,K),SO4 melts. Whereas, limited effect on the
hot corrosion resistance was found when the TiAICr
coating was contaminated with Na,SO, + NaCl
melts. BACOS et al [26] found that chemical
inertness Au-based coating could provide good
corrosion resistance for Ti—48 AlI-2Cr—2Nb (at.%).
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Additionally, Al-Y gradient coating, MCrAlY
coating and NiCoCrAl-Y,0; coating were also
developed to improve the hot corrosion resistance
for TiAl alloys [27—29].

Recently, we proposed to improve the
oxidation resistance of Ti5S0AIl alloy [30—33] and
Ti45A18.5Nb alloy [34] by anodization from NH,4F
containing electrolyte. When exposed to air at
elevated temperature, compact and adherent Al,Os
layer would be generated based on the halogen
effect, therefore providing excellent oxidation
resistance and spallation resistance. However, the
dissolution effect of molten salt to Al,O; makes the
anodic film unstable and be consumed quickly
under hot corrosion conditions [35,36]. Thus,
anodization may only provide limited hot corrosion
resistance for TiAl alloy in the initial stage.

To deal with this problem, an aluminizing
coating was firstly prepared on TiAl alloy by pack
cementation. Then, anodization in a fluorine-
containing solution and pre-oxidation in air were
conducted in sequence (Fig.1). The aluminizing
coating is expected to provide sufficient aluminum
source for the formation of Al,O; while
anodization and pre-oxidation promote the
generation of protective Al,O; layer, therefore
improving the hot corrosion resistance. The hot
corrosion behavior was investigated in the mixture
salt of 75 wt.% Na,SO4+ 25 wt.% NaCl at 700 °C.

——

Pack cementation

TiAl TiAly/TiAl

_E ;,
s

Hot corrosion

<

|

-y ——

Yuan-tao HU, et al/Trans. Nonferrous Met. Soc. China 31(2021) 193—-206

The protection mechanism of the aluminized and
anodized TiAl alloy was also discussed.

2 Experimental

2.1 Materials and chemical reagents

As described in our previous studies [30—32],
Ti—50A1 (at.%) alloy, with the main phase
consisting of y-TiAl phase and a small amount of
ap-TizAl was used as the substrate. The homogenized
ingots were cut into 15 mm X 15 mm X 1.2 mm. All
specimens were ground by emery paper with a grit
of 60", then cleaned ultrasonically in acetone and
ethanol sequentially, and finally blow-dried with
warm air.

2.2 Pack cementation of aluminizing coating

As described in our previous study [37], the
aluminizing coating was prepared on TiAl alloys by
pack cementation. Briefly, TiAl alloy was
embedded by the pack mixtures with the
composition of 10AI-5NH;CI-85A1,05; (wt.%) in
an alumina crucible. After being covered with
alumina lid and sealed by silica sol binder, the
crucible was put in a furnace chamber (cxzt—18-20,
Shanghai Chenxin Electric Furnace Co., Ltd., China)
with a vacuum about 2.0x107* Pa. The furnace was
heated to 1000 °C at a rate of 5 °C/min, held at
this temperature for 2 h, and then cooled to room
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Fig. 1 Schedule illustration for pack cementation of aluminizing coating, anodization in NHsF-containing electrolyte,

pre-oxidation in air, salt deposition and hot corrosion test for TiAl alloy
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temperature with finance. Finally, the samples were
removed from the pack and ultrasonically
cleaned to remove any loosely embedded pack
materials.

2.3 Anodization

Anodization was performed as described in
our previous study [34]. Briefly, two graphite plates
(100 mm x 25 mm) were acted as the counter
electrodes and placed face to face with a distance of
~5.0 cm. Aluminized TiAl alloy was hung in the
middle of the two graphite plates, acting as the
working electrode. Anodization was carried out in
EG containing 0.15 mol/L NH4F at 30 V for 1 h.
After anodization, the specimens were taken out,
cleaned and dried. The derived specimen was
denoted as AA-TiAl alloy.

2.4 Pre-oxidation

Before hot corrosion test, the AA-TiAl alloy
was pre-oxidized at 900 °C for 20 h in a muffle
furnace (KSL—-1200X, Hefei Kejing Materials
Technology Co., Ltd, China). After pre-oxidation in
air, the AA-TiAl alloy was denoted as POAA-TiAl
alloy.

2.5 Hot corrosion test

The hot corrosion behavior of the POAA-TiAl
alloy was investigated in another muffle furnace at
700 °C in static air. A eutectic salt mixture (75 wt.%
Na,SO4 + 25 wt.% NaCl) with a melting point of
645 °C was employed for the hot corrosion test.
Firstly, the oversaturated salt solution was prepared
by dissolving the mixture salt into the deionized
water. Then, a layer of salt film with the mass of
(2.0£0.5) mg/cm® was deposited on the specimens
by hand-brushing. During the hot corrosion process,
the salt-coated specimen was put in the furnace
with a temperature stabilized at 700 °C for 100 h.
Three specimens were tested for each condition to
ensure reproducibility.

After a certain interval of 20 h (the initial stage
was only preserved for 5 h), the specimens were
moved out from the furnace and cooled down to
room temperature in air. Then they were washed in
boiling deionized water for at least 10 min to
dissolve and remove the salt and/or loose oxides on
the surface. Thereafter, the specimens were taken
out and dried off. The gross (with the exfoliated
scale) and net (without the exfoliated scale) masses

of the specimens were recorded by an electronic
balance (0.1 mg precision, Sartorius BS124S). Then
specimens were re-coated with salt to begin the
next corrosion cycle.

2.6 Coating and corrosion scale characterization

The microstructure and composition of the
specimens were characterized by scanning electron
microscope (SEM, Carl Zeiss, Supra 55). X-ray
diffraction (XRD) patterns of the specimens before
and after oxidation were recorded on a Panalytical
X’Pert PRO equipped with CuK, radiation
(4=0.154056 nm) at 40 kV and 40 mA.

3 Results

3.1 Morphology and composition of AA-TiAl

alloy

As shown in Figs. 2(a) and (b), the AA-TiAl
alloy is covered by a great deal of irregular particles
that are composed of aluminum oxide according to
the EDS analysis (Point 1 in Fig. 2(b) and Table 1).
Whereas, no visible oxide particle is found in some
regions (the inset in Fig. 2(b)). Interestingly,
extremely high F content (10.25 at.%) is found in
this region where the composition of Al to Ti is
approximate to 3:1. EDS analysis (Point 3 in
Fig. 2(c) and Table 1) and XRD pattern (Fig. 2(d))
indicate that the aluminizing coating with a
thickness of ~15 um still consists of TiAl; [38,39].
Additionally, Al,O5; with low diffraction intensity is
also detected on the AA-TiAl alloy (the bottom part
in Fig. 2(d)).

3.2 Morphology and composition of POAA-TiAl

alloy

Figures 3(a) and (b) show the top-surface SEM
images of the POAA-TiAl alloy. It is shown that
pre-oxidation in air promotes the generation of a
compact layer. Moreover, some follow-like Al,O;
particles are found on the specimen surface (inset in
Fig. 3(b) and Point 1 in Table 2). While other
region is Al,O; enriched (Points 2 and 3 in Fig. 3(b)
and Table 2). Cross-sectional SEM image and
corresponding EDS analysis results reveal that an
obvious TiAl, layer can be found between the
aluminized TiAl; layer and the TiAl substrate
(Fig. 3(c)). XRD pattern confirms that besides TiAl;
and Al,O;, TiAl is also detected in the POAA-TiAl
alloy (Fig. 3(d)).
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Fig. 2 Top surface (a, b) and cross-sectional (¢) SEM images and XRD pattern (d) of AA-TiAl alloy (The inset in (b) is
enlarged from the flat region; the curve at the bottom part in (d) is the enlarged pattern)
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Fig. 3 Top surface (a, b) and cross-sectional (c) SEM images and XRD pattern (d) of POAA-TiAl alloy (The inset in (b)
is enlarged from one particle marked in (a))

Table 1 EDS results of regions marked in Fig. 2 (at.%)

Point Ti Al (0] F
1 0.20 31.25 68.55 -
2 18.15 59.29 12.32 10.25
3 23.80 71.87 433 -
4 34.67 62.18 3.15
5 47.43 50.25 2.32 -




Yuan-tao HU, et al/Trans. Nonferrous Met. Soc. China 31(2021) 193-206 197

Table 2 EDS results of regions marked in Fig. 3 (at.%)

Point Ti Al O
1 - 47.61 52.39
2 1.21 31.86 66.93
3 6.69 31.97 61.34
4 24.00 70.02 5.98
5 31.39 63.59 5.02
6 47.93 48.78 3.29

3.3 Hot corrosion Kkinetics curves and optical

images

The hot corrosion kinetics curves of the
POAA-TiAl alloy with a mixture salt deposit of
75 wt.% Na,SO4 + 25 wt.% NaCl at 700 °C are
shown in Fig. 4. Both the gross (with the exfoliated
scale) and net mass gains (without the exfoliated
scale) are presented. The data of the aluminized and
AA-TiAl alloys are also given for comparison. As
shown in Fig. 4(a), the total mass gain of the
aluminized TiAl alloy after 100 h of hot corrosion
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was 12.34 mg/cm’. While the total mass gains of
the AA- and POAA-TiAl alloys dramatically reduce
to 4.32 and 1.82 mg/cm’, respectively, which are
35.01% and 14.75% that of the aluminized TiAl
alloy.

The net mass gains of the specimens are
shown in Fig. 4(b). For the aluminized TiAl alloy,
after an increase in the initial stage up to 20 h, the
mass reduces slightly, then alternately increases and
decreases. While obvious different phenomena are
observed on the AA- and POAA-TiAl alloys. Both
of the net mass increase monotonously during the
whole test.

After the hot corrosion test, the optical images
of these specimens were also taken. As shown in
Fig. 5(a), loose corrosion scale with poor adhesion
to the substrate is observed on the aluminized TiAl
alloy. Besides, obvious scale spallation is found.
Whereas, only localized spallation and a handful of
cracks are observed on the corrosion scale
generated on AA-TiAl alloy (Fig. 5(b)). In the case
of POAA-TiAl alloy (Fig. 5(c)), an intact corrosion
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Fig. 4 Gross (with exfoliated scale) (a) and net (without exfoliated scale) (b) mass gains of aluminized, AA-, and

POAA-TiAl alloys during hot corrosion at 700 °C
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Fig. 5 Optical images showing macro-morphologies of aluminized (a), AA- (b), and POAA- (c) TiAl alloys after hot

corrosion for 100 h
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scale with some pores emerges and no spallation is
found during the whole hot corrosion test.

3.4 Composition of corrosion scale

As shown in Fig. 6(a), after 100h hot
corrosion, the corrosion scale on aluminizing TiAl
alloy is composed of TiO,, Al,0; and Na,TicO;3.
Moreover, the diffraction peaks, i.e. TiAl; and TiAl,
derived from the aluminizing coating are also
detected. The exfoliated scale was collected and the
composition was determined by XRD. As shown in
Fig. 6(b), the diffraction peaks are ascribed to NaCl,
Na,SO,, TiO, and ALOs;. NaCl and Na,SO, are
derived from the contaminated salt. A similar XRD
pattern is observed on the AA-TiAl alloy, except for
the difference in the diffraction intensity (Fig. 6(c)).
In this case, AlL,O; becomes the dominant
component, and the diffraction intensities of TiAl,
and TiAl, are enhanced. For the POAA-TiAl alloy
(Fig. 6(d)), although TiO,, Al,Os, TiAl; and TiAl,
are still detected, TiAl; and TiAl, turn to be
the dominant components. Besides, Na,TicO;
disappears and Na,Al,TigO;6 newly emerges.

3.5 Morphology of corrosion scale

As shown in the low magnified SEM image
(Fig. 7(a)), a rugged surface with various ravines
and severe spallation is found on the aluminized
TiAl alloy after 100 h hot corrosion. Additionally,
there are lots of protrusions and cracks on the
scale (Fig. 7(b)). Magnified SEM image and
corresponding EDS analysis reveal that the cluster
mainly consists of Al,O; (Point 1 in Fig. 7(c) and
Table 3), while the flake structure is composed of
TiO, and Na,TicO;; (Point 2 in Fig. 7(c) and
Table 3). In the case of AA-TiAl alloy, there are two
typical morphologies. As shown in Figs. 7(d) and
(e), a relatively compact scale consisting of flake
structure is found in some regions. Other region is
composed of blocks that are separated by abundant
cracks (Fig. 7(f)). EDS analysis indicates that
although these two regions are composed of Al and
Ti mixture oxides, higher Al is detected from the
former region (Point 3 in Table 3). But much
higher Na and Cl contents are found in the latter
region (Point 4 in Table 3). For POAA-TiAl alloy,
a relatively compact corrosion scale is observed
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Fig. 6 XRD patterns of aluminized (a, b), AA- (c), and POAA- (d) TiAl alloys after hot corrosion at 700 °C for 100 h
((a) and (b) are derived from the specimen and exfoliated scale, respectively)
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Fig. 7 Top-surface SEM images of aluminized (a—c), AA- (d—f), and POAA- (g—i) TiAl alloys after hot corrosion at
700 °C for 100 h (The symbols marked in each image show the regions where EDS analysis was carried out)

(Fig. 7(g)). Magnified SEM images and EDS
analysis indicate that the needle-like structure is
titanium enriched and composed of TiO, and
Na,Al,TigOy6 based on the XRD pattern (Points 5
and 6 in Fig. 7(h) and Table 3). The flower-like
particle is aluminum enriched (Point 7 in Fig. 7(i)
and Table 3).

Table 3 EDS results of regions marked in Fig. 7 (at.%)
Point No. Ti Al (0] Na Cl S

1 444 2343 69.63 2.03 0.12 0.35
2 1476 031 6750 1692 0.02 0.49
3 8.85 16.63 7026 421 0.03 0.01
4 812 881 70.52 829 395 031
5 1748 1.67 71.87 865 0.03 0.02
6 1584 0.89 7443 873 0.09 0.02
7 435 3155 6320 0.69 0.07 0.13

The cross-sectional SEM images and
corresponding EDS analysis of the specimens
underwent hot corrosion test are displayed in

Figs. 8 and 9. One should be kept in mind that
obvious scale spallation occurs on aluminized TiAl
alloy. Thus, a simple comparison of the apparent
thickness of the residual corrosion scale is
meaningless. As shown in Fig. 8(a),
through-thickness cracks, which are perpendicular
to the substrate are found in the corrosion scale. The
distribution of Al, Ti and O elements was analyzed
by the EDS line scan from the outmost layer of the
corrosion scale to the TiAl substrate. As shown in
Fig. 8(c), Al, Ti, O and Na are detected from the
outmost layer (Region I). Then an aluminum-
enriched inner layer with a thickness of 15—30 um
is observed (Region II). Beneath this layer, there is
an aluminum dominated layer but with lower
aluminum content (Region III). EDS measurement
demonstrates that the corrosion scale is composed
of Al and Ti mixture oxides (Point 1 in Table 4).
Besides, Na, Cl and S are also detected in this
region. Notably, the component filled in the crack is
ALLO; dominant (Point 2 in Table 4) and the
aluminizing coating still consists of TiAl; (Point 3
in Table 4).

a few
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Fig. 8 Cross-section SEM images (a, b) and corresponding EDS element line scan results (c, d) of aluminized (a, ¢) and
AA- (b, d) TiAl alloys after hot corrosion at 700 °C for 100 h (The arrows in (a) and (b) show the direction and position
where the EDS line scan analysis was carried out; the spots marked in (a) and (b) represent the sites for EDS

measurement)

For AA-TiAl alloy, some pores are observed in
the corrosion scale (Fig. 8(b)). Although through-
thickness cracks can still be found in the
aluminizing coating, no obvious corrosion product
is filled in it, indicating that the internal oxidation is
suppressed. EDS analysis shows that the corrosion
scale is Al-enriched (Point 5 in Fig. 8(b) and Table
4, Fig. 8(d)). Beneath this layer, there are two layers
consisting of TiAl; (Point 6 in Fig. 8(b) and Table 4)
and TiAl, (Point 7 in Fig. 8(b) and Table 4),
respectively.

As shown in Fig. 9(a), the corrosion scale
generated on POAA-TiAl alloy is well adherent to
the substrate, and only a few pores are observed in
the corrosion scale. EDS line scan results reveal
that the composition of the corrosion scale is
similar to that on the AA-TiAl alloy, except for the
much thicker aluminizing coating (Fig. 9(b)). EDS
analysis indicates that Ti content in the corrosion
layer is extremely low (Fig.9(c), Point 1 in
Fig. 9(a) and Table 5) and the content increases
from the corrosion layer to the aluminizing coating
(Figs. 9(c—f), Points 1—4 in Fig. 9(a) and Table 5).
While the Al content performs the opposite rule.

4 Discussion

When exposed to a molten salt environment, a
loose and porous TiO, based layer will generate on
TiAl alloy. Then, molten salt ions and oxygen can
easily penetrate into the substrate through this
non-protective layer and accelerate the corrosion
process. Moreover, the dissolution of TiO, layer by
molten salt further damages the corrosion scale [9].
Applying barrier coating on TiAl alloy against the
inward diffusion of molten ions is an efficient
strategy to enhance the hot corrosion resistance.

Aluminizing coating fabricated by pack
cementation has been demonstrated as an effective
method to improve the oxidation resistance of TiAl
alloy [37,40], whereas the quick consumption of
aluminum by molten salt may result in limited
corrosion resistance. As shown in Fig. 5, severe
spallation occurs on the aluminized TiAl alloy
during the hot corrosion test. The top surface and
cross-section morphologies indicate that many
thicknesses-through-cracks are found in the
corrosion scale (Figs. 7(a) and 8(a)).
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Fig. 9 Cross-section SEM image (a) and corresponding EDS element line scan results (b) of POAA-TiAl alloys after
hot corrosion at 700 °C for 100 h, and EDS spectra (c—f) derived from Points 1-4 marked in (a) (The arrow in (a) shows
the direction and position where the EDS line scan analysis was carried out; the spots marked in (a) represent the sites

for EDS measurement)

Table 4 EDS results of regions marked in Fig. 8 (at.%)

Table 5 EDS results of regions marked in Fig. 9 (at.%)

Point No. Ti Al O Na (I S Point No. Ti Al O Na Cl S
1 1840 11.89 61.75 6.34 1.58 0.03 1 1.38 37.73 60.61 025 0.02 0.01
2 1.18 38.86 59.37 - 059 - 2 23.12 71.71 5.17 - - -
3 24.16  70.21 5.62 - - - 3 30.39 61.59 8.02 - - -
4 46.18 45.05 8.77 - - - 4 4475 4193 13.32 - - -
5 9.34 2623 6278 0.73 0.15 0.04
6 2380 7187 433 _ _ _ non-protective Al,O; and TiO, mixture oxides.
. o s 1
7 3041 6036 923 3 3 3 Because the s.erV1ce. temperaturc.e (700 °C) is higher
than the melting point of the mixture salt (684 °C),
8 41.60  50.25 8.15 - - -

During the initial hot corrosion process, the
aluminizing coating will be selectively oxidized to
form Al,Os;, which can prevent molten salt ions
and oxygen from diffusing into the substrate to
some extent. As illustrated in Fig. 10(a), prolonging
the exposure time results in the generation of

the following reaction will occur at the molten
salt/oxide layer interface [23,41]:

2Na2804—>2NazO+ZS+302 (1)

With the proceed of hot corrosion, the activity
of sulphur gradually increases and promotes the
formation of sulfide at the scale/aluminizing
coating. Meanwhile, the generated Na,O will react
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with Al,O3 based on alkaline dissolution:
ALO;+0" —2A10; ()

The dissolution of AlO, into molten salt leads
to the formation of concentration gradient from the
scale/substrate interface to the scale/air interface.
With the gradually reduced alkalinity, the outward
diffused AlO, will decompose and deposit in the
form of loose and unprotected Al,O; particle as
follows:

2A10;, —>ALO;+0* (3)

The repeated process between Reactions 2 and
3 not only leads to the generation of loose and
porous Al,O; but also accelerates the consumption
of Al.

Moreover, under high temperature the
extremely aggressive NaCl will react with oxygen
from air and TiO,/Al,0O; mixture oxides as well as
the substrate, according to the following reactions:

4NaCl+2A1,05+0,—4NaAl0,+2Cl, (4)
4NaCl+12Ti0,+0,—2Na,TigO5+2Cl, (5)
2NaCl+2A1+20,—2NaAlO,+Cl, (6)
4NaCl+12Ti+130,—2Na,Tig05+2Cl, (7)

Two effects will be exhibited by chlorine
released from the above reactions. For one thing,
the generated chlorine gas can destroy the

continuity of the oxide scale, leading to the
formation of pores and cracks. For another, the
penetrated chlorine can react with the aluminizing
coating and form volatile chlorides, e.g. TiCl,, TiCl,
and AlCl;s:

Ti+CL—TiCl, (8)
Ti+2Cl,—TiCl, (9)
2A+3CL—2AIC, (10)

The accumulation of these chlorides with high
saturated vapor pressure at the corrosion
scale/aluminizing coating interface results in the
generation of cracks. Moreover, the outward
diffused chlorides will react with oxygen from air:

TiCl,+0,—TiOy+Cl, (11)
TiCl4+Oz—>Ti02+2C12 (12)
4A1C13+302—>2A1203+6C12 (13)

The above self-sustaining reactions lead to the
generation of a non-protective scale on the
aluminized TiAl alloy.

As shown in Fig. 10(a), with the proceeding of
hot corrosion the aluminizing coating will be
rapidly consumed. Meanwhile, the inter-diffusion
between the aluminizing coating and TiAl substrate,
together with the inward diffusion of molten salt
ions and oxygen cause the generation of pores and
cracks in the coating. Then, the outward diffused Ti

(a) TiAl;  (b) TiAl, (©) TiAl,
HOt. \Anodization \ Anodization
corrosion
Ti0,+Al1,04 TiF,, AIF, TiF,, AlF,
TiAly TiAl, TiAly
S TiAl,
Cracks

Hot l Thermal

corrosion treatment
TiO,*ALO;  resssssssssssss ALLO;
m TiAl; TiAl;
- / TiAl, TiAl,

Cracks

corrosion
platasstesstem ALO; (TIO,)
TiAl,
TiAl

\ Hot

Fig. 10 Schematic illustration for hot corrosion process of aluminized (a), AA- (b), and POAA- (c) TiAl alloys in

75 wt.% Na,SO,4 + 25 wt.% NaCl salt deposited at 700 °C
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will reach the aluminizing coating/corrosion scale
interface and be oxidized to porous and non-
protective TiO,. The rapid growth of TiO, results in
great growth stress, and then promotes the scale to
exfoliate from the substrate. Therefore, when
contaminated with Na,SO,/NaCl mixture, the rapid
consumption of aluminizing coating and spallation
of the corrosion scale will lead to poor hot
corrosion resistance.

As illustrated in Fig. 10(b), anodization in a
fluorine-containing  solution results in the
generation of an aluminum and fluorine enriched
anodic film (Fig. 2). During the hot corrosion test,
the evolution of fluorine components, including
TiF, and AIF,, will promote the formation of Al,O4
based on the halogen effect [31,42—44]. In detail,
the evaporation of TiF, with a low boiling point
promotes the enrichment of Al in the aluminizing
coating. Moreover, the reaction between oxygen
from the air and outward diffused AlF, from anodic
film promotes the formation of Al,O;, which can
fill in the pores and cracks in the anodic film. This
AL Os-enriched layer can not only prevent the
inward diffused molten salt ions and oxygen but
also impede the outward diffusion of Al and Ti.
Therefore, the hot corrosion resistance of the TiAl
alloy is improved (Fig. 4(a)). However, some pores
and localized scale spallation are observed on the
AA-TiAl alloy (Fig. 5(b)). And many cracks are
also found in the corrosion scale (Fig. 7(f)). This is
because the non-compact anodic film on the TiAl
alloy provides pathways for diffusion species
(Fig. 2). Moreover, only thin and non-continuous
ALO; will be generated on the anodized TiAl alloy
when directly exposed to hot salt environment.
Aggressive molten salt ions can penetrate into the
aluminizing coating and TiAl substrate, therefore
destroying the AA-TiAl alloy.

While before exposure to the hot corrosion
environment, pre-oxidation in air promotes the
formation of a compact and adherent Al,O; layer on
aluminized TiAl alloy (Fig. 10(c)). Additionally,
during the pre-oxidation process, the pores and
cracks in the anodic film can be filled with oxides.
Thus, a protective Al,O;-enriched layer is formed
before the application of a mixture of salt deposits
(Fig. 3). Besides, pre-oxidation results in the
generation of gradient aluminizing coating
consisting of TiAl; and TiAl,, which benefits to

reduce the internal stress and improve the crack and
spallation resistance. Results demonstrate that the
POAA-TiALl alloy provides good resistance against
hot corrosion and no scale spallation is found. It
should be noted that although AlLO; will be
generated both on AA-TiAl alloy and POAA-TiAl
alloy, obvious difference emerges on them. For the
former, owing to the halogen effect, thin and
non-continuous Al,O; will be generated during the
initial hot corrosion process. In this case, the inward
diffused molten salt ions and oxygen can also react
with the aluminizing coating, leading to the
generation of a mixed oxide scale. As for the latter,
continuous and adherent Al,O; layer will be
generated during the pre-oxidation stage. This
protective Al,O; layer not only efficiently prevents
the inward diffusion of molten salt ions and oxygen,
but also dramatically slows down the consumption
of the aluminizing coating. This has been confirmed
from the morphologies, where
difference is found in the aluminizing coating
before and after the hot corrosion test. Thus, the hot
corrosion resistance of the AA-TiAl alloy is further
enhanced by pre-oxidation in air.

Similarly, XU et al [45] fabricated a gradient
AL O5/Al composite coating on Ti—46.5A1-4V—
1.0Cr (wt.%) alloy by a two-step magnetron
sputtering method [45]. As expected, the Al,O; top
layer could effectively suppress the erosion of Na",
O” and S*, while the Al interlayer could provide
sufficient Al source for the formation of Al,O;.
Results showed that although the hot corrosion
resistance of the composite coating with Na,SO4
deposit was improved at 850 °C, visible defects
were found at the coating/substrate interface after
100 h of hot corrosion. This may be attributed to the
poor adhesion property between the Al,O; top layer
and Al interlayer. However, in the present work, the
ALLO; layer was generated in-situ from the
aluminizing coating. Moreover, the protective Al,O;
layer will be continuously produced due to the low
oxygen partial pressure at the coating/alloy
interface and the sufficient Al source from the

no obvious

aluminizing coating.
5 Conclusions

(1) Aluminizing coating only provided limited
resistance against the hot corrosion with Na,SOy4 +
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NaCl mixture salt deposited at 700 °C. A loose
corrosion scale was found on the substrate and
severe spallation occurred during the test.

(2) Anodization in a fluorine-containing
solution resulted in the generation of Al-enriched
layer. Whereas the cracks in the anodic film could
provide pathways to the inward diffused molten salt
ions and oxygen. Thus, although the corrosion
resistance of the aluminizing coating was improved
by anodization, cracks and localized spallation were
still observed on the corrosion scale.

(3) Pre-oxidation in air promoted the
generation of a compact and protective Al,O; layer,
which could efficiently prevent the aggressive
species from attacking the substrate and rapid
consumption of the aluminizing coating. Moreover,
the generation of gradient coating consisting of
TiAl; and TiAl, benefits to reduce the coating
internal stress. Therefore, the POAA-TiAl alloy
provided excellent resistance against hot corrosion.
No scale exfoliation was observed and the Al,O;
dominant outmost scale was generated after 100 h
of corrosion.
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