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Abstract: y-TiAl specimens were coated with an Al,O3/Al composite coating using magnetron sputtering. The corrosion resistance

of the coated specimens was investigated in molten salt environment of 100 wt% Na,SO,at 850 °C. Results show that the ALL,Os/Al

composite coating improves the high temperature corrosion resistance of y-TiAl alloyeffectively. The good resistance is attributed to

the gradient structure of Al,O3/Al composite coating which consists of an Al,O;3 top-layer, an Al-rich interlayer and a diffusion layer.

The results of corrosion test reveal that the Al,Os, TiO, and TiAl; are identified as the main phase structure of the corroded coating

surface. Moreover, the sealed coating structure could effectively suppress the erosion of O, S* and Na®, while AL,Os/Al coating

with gradient structure exhibits superior crack and spallation resistance.
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The combination of lower density, high specific strength
and excellent high-temperature properties make intermetallic
y-TiAl alloy as the candidate for hot components of advanced
aeroengine in the past decades!"”!. However, the degradation
of »-TiAl alloy in hot corrosion and oxidation environment
becomes a significant problem which might limit its further
exploitation'*”",

Surface enhancement plays an important role in improving
the environment degradation of y-TiAl alloy. Among various
coating deposition and surface modification techniques, Al,
Cr,0; and MCrAlY coatings are commonly used to protect
y-TiAl
corrosion™®'?. These coatings with the distinctive advantages

alloy from high temperature oxidation and
of low cost and high volume production are applicable for a
wide range of shapes and sizes without line-of-sight
restrictions. However, it has been a common observation that
these coatings formed usually contain a large number of
micro-cracks running across the whole depth of the
coating!"'*!. The micro-cracks are formed during cooling to
room temperature as a result of mismatch of thermal
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expansion coefficients between the

[5,14-16]

coating and the
substrate

In the present paper, an Al,0s/Al composite coating with a
three-layer structure consisting of an Al,O; top-layer, an Al
interlayer and a diffusion zone at the boundary between Al
interlayer and substrate, was introduced on the substrate
y-TiAl alloy. The oxidation resistance of the Al,O5/Al
composite coating was studied in our past work!'”". Therefore,
the aim of this study is to evaluate the corrosion behavior of
the Al,O3/Al composite coating in fused Na,SO, at 850 °C and
try to establish the involved mechanism in the process.

1 Experiment

The p-TiAl alloy with nominal composition of
Ti-46.5A1-4V-1.0Cr (wt%) was used in this study. The
substrate specimens, manufactured by Central Iron and Steel
Research Institute of China, were produced using powder
metallurgy. The dimension of wrought specimen is
approximately 15 mmx15 mmx5 mm which was cut by an

electric discharge wire cutting machine. The surface was
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ground down and polished roughly, and then -cleaned
ultrasonically in ethanol and dried prior to tests.

The ALO;/Al composite coatings were fabricated in a
magnetron sputtering system. An aluminum plate with a purity
of 99.99% prepared by powder metallurgy was used as the
sputtering target. Pure Ar and O, were used as the working
and reactive gases, respectively. The Al,O3;/Al composite
coating was deposited in two steps, Al deposition and Al,O;
reactive deposition, using the set-up parameters in Table 1.
After deposition, the coated specimens were heat treated in a
vacuum furnace (10 Pa) at 600 °C for 10 h before corrosion
test.

Adhesion strength of the Al,0;/Al composite coatings on
y-TiAl were measured by a scratch tester (WS-2006),
equipped with a 200 um radius Rockwell diamond indenter,
which was drawn across the coatings surfaces using a linearly
increased normal load from O N to 100 N. The rate of load
increase was set at 20 N/min and the speed of indenter was 2
mm/min. The scratch length was 10 mm. An AE sensor was
attached near the diamond indenter to detect the acoustic
signals emitted from the coating failure. The minimum load at
which coating failure occurs is defined as the critical load (L)
and represents an indication of the coating adhesion.

The substrate and Al,O3/Al coated samples were placed in
the alumina crucibles filled with a supersaturated solution of
high purity Na,SO, (>99.9 wt%). The test contained 10 cycles.
For each cycle, the samples were kept in a furnace at 850 °C
in static air for 10 h and rapidly cooled to room temperature.
The mass gain (sample+crucible+Na,SO, salt) was weighed
by an electronic balance with sensitivity of 107 g. After the
measurement, the samples were placed in the alumina
crucibles filled with the high purity Na,SO, and then put back
to continue the next cycle. For every experiment, three
samples were used in the same condition to get the average
mass change. After the test, the samples were only used cotton
bar and soft brush to clean up the salt in order to keep the
original morphologies of samples.

The phase composition of deposited coatings after oxidation
at different temperatures was identified by X-ray diffraction
(XRD, BurkerD8 ADVANCED, Cu Ka source radiation). The
morphologies and chemical compositions of coatings and
oxide scales were observed and determined by a scanning

Table 1 Deposition parameters of Al,O3/Al reactive sputtering

Parameters Al layer Al O3 layer
Power/W 150 250
Voltage/V 700 1000
Working pressure/Pa 0.5 0.5
Ar/mL'min” 30 50
O/mL-min 0 6
Target to substrate distance/mm 30 30
Diffusion time/h 3 5

Sample temperature/°C 250 300

electron microscope (SEM, Quanta200, FEI Company)

equipped with an energy-dispersive spectrum (EDS,

XMS608S).
2 Results

2.1 Microstructure of as-deposited coating

Fig.1a shows the virgin surface of the as-deposited Al,O5/Al
coating by magnetron sputtering. It can be found that the
coating is very uniform with a low occurrence of major
growth defects. This is also proved by the low surface
roughness value (0.143 pm), measured by Roughness Tester
(TR210, Shanghai Lingyi Company, China). The EDS result
of coating surface indicates that the O element is about 1.5
times the atom content of Al element, as shown in Fig.1b. The
SEM and EDS cross-section of coating, as shown in Fig.1c, 1d
respectively, illustrate a dense composite layers structure with
a thickness of ~20 um which consists of an Al,O; top-layer, an
Al interlayer and a diffusion layer (the diffusion layer was
formed during the coating deposition). It also clearly depicts
good interface bonding between the top-layer/interlayer and
interlayer/substrate.

The phase structure of Al,Os/Al composite coating consists
of a-AlL,O; (JCPDS NO. 84-1468) and Al (JCPDS NO.
04-0787 ), as shown in Fig.2, which accords with the EDS
results of the coating.

2.2 Scratch test results

As one of the main quality indicators, the coating adhesion
strength was determined by the scratch test. The critical load
on the substrate with the coating starts to be visible according
to the acoustic signal when it is captured at the beginning of
the occurrence of coating failure during the scratch test. The
acoustic emission curves are plotted as a function of the
normal load in Fig.3a and the -corresponding scratch
morphology is displayed in Fig.3b. The critical load of
Al O5/Al coating on y-TiAl alloy is 50 N, above which the
adhesion strength between the coating and substrate is

U811 The evidence of

generally sufficient for applications
plastic deformation can be seen in the scratch track of
Al,O3/Al coating which indicates good adhesion strength
between the coating and the substrate.
2.3 Results of hot corrosion test
2.3.1 Microstructure of specimens after hot corrosion test
The photos of the substrates and Al,Os/Al coated samples
after 100 h corrosion at 850 °C are presented in Fig.4. It can
be found that the corrosion scales of substrate turn white to
tawny with the test time increasing. The corrosion scales have
already spalled from the substrate continuously which
indicates the poor corrosion resistance of the substrate y-TiAl
alloy. On the other hand, the Al,O3/Al coating remains intact
even after 100 h at 850 °C in Na,SO, fused salt. The color of
Al,O3/Al coating turns silver to taupe. No evidences of
coating degradation can be found in these macroscopical
photos.
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Fig.1
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Fig.2 XRD pattern of Al,O3/Al composite coating on y-TiAl alloy

before oxidation test

Fig.5 shows the surface morphologies and the
corresponding EDS results of the substrate and the Al,Os/Al
coating after corrosion test. The corroded substrate displays a
massive structure surface appearance, as shown in Fig.5a,
while the needle-like structure appearance can be found in the
surface of the corroded coating in Fig.5c. A large amount of O
element (63.97 at%) can be detected in the surface of the
corroded substrate in Fig.5b, indicating that oxidation is the
main reaction of substrate during the corrosion test. Similar
content of O element (57.64 at%) can be detected in the
surface of the corroded coating. A considerable amount of Na
and S elements (25.06 and 13.40 at%, respectively) can also
be detected which is contributed by the fused Na,SO,.

Fig.6 shows the cross-section morphologies and the corre-
sponding EDS line-scan of substrate and the Al,O;/Al coating
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Fig.3 Sound emission peaks against the applied load according to
the scratch test on Al,Os/Al composite coating (a) and the
corresponding scratch morphology (b)

after corrosion test, which were measured from the top surface
to the interior. The corroded scale spalls from the substrate
continuously during the corrosion test, and the corroded
substrate shows a cross-section with multilayer structure



1078

Xu Yi et al. / Rare Metal Materials and Engineering, 2018, 47(4): 1075-1081

Oh 20h 50h
N . . .
N . . . .

100 h

Fig.4 Macroscopical images of the samples without and with the A1,O3/Al composite coating during the corrosion test at 850 °C
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Fig.5 Surface morphologies (a, ¢) and EDS results (b, d) of substrate y-TiAl alloy (a, b) and Al,O3/Al composite

coating (c, d) after 850 °C hot corrosion test

which is resulted from the Na,SO, erosion in Fig.6a. However,
the corroded coating is still compact and unbroken as well as
no though-wall cracks and pores can be found in the
cross-section, as shown in Fig.6c.

Fig.7 shows the XRD patterns of the substrate and the
Al,O5/Al coating after corrosion test. Al,O;, TiO, and TiAl;
are identified as the main phase structure of the coating
surface after the corrosion test, while the Al,O; and TiO, to
the substrate. The Na,SO, phase which is adsorbed on the

sample surface can be detected in both coating and substrate
surface obviously.
2.3.2 Hot corrosion kinetics

The kinetics curve of the coated samples after 100 h
corrosion at 850 °C was plotted with substrate as comparison,
as shown in Fig.8. The mass gain of the substrate is larger than
that of the coated sample during the whole test. On the other
hand, the Al,05/Al composite coating maintains their integrity
with no detectable sign of scale spallation or crack during the
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Fig.6 Cross-section morphologies (a, ¢) and EDS line scan results (b, d) of substrate y-TiAl alloy (a, b) and Al,O3/Al composite

coating (c, d) after 850 °C hot corrosion test
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Fig.7 XRD patterns of substrate y-TiAl alloy (a) and AlLOs/Al

composite coating (b) after 850 °C hot corrosion test

entire corrosion period of 100 h, suggesting that it can
effectively enhance the corrosion resistance of the substrate
through the formation of a more stable and adherent corrosion
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Fig.8 Mass change vs time for substrate y-TiAl alloy and Al,Os/Al

composite coating during hot corrosion at 850 °C

scale. The mass gain of Al,0;/Al composite coating after 100
h corrosion test is 1.409 mg/cm”, which is an optimism value.

3 Discussion

3.1 Corrosion mechanisms of substrate

The corrosion and oxidation resistance of the substrates
mainly depends on the integrality of protective coatings. In
this study, the processes of protective coating cracking and
spallation are the key factor to influence the lifetime of y-TiAl
and the prepared protective coating**>.

The fused salt on the surface usually induces two types of
hot corrosion: type I, named high temperature corrosion, at
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temperature within 825~925 °C and type II, named low
temperature corrosion, at temperature below 825 °CF>**2¢,
Both the two corrosion types will lead to the depletion of
beneficial elements, internal sulfidation and oxidation, even
severer failure of coating system. In the present study, the
samples were exposed in Na,SO,4 at 850 °C, which is lower
than the melt point of the salt (884 °C). In order to avoid the
damage of the original appearance, the samples were cleaned
by cotton bar not in de-ionized water to get rid of the salt
clearly after every cycle. It means a large number of Na,SO,
and Na,SO; remnant on the sample surface after the

experiment.
In the fused salts, the following reactions took place:
280,7=2S0;"+0, (1)
Ti* +O*=TiO )
Ti*+20"=Ti0, 3)
2AP +307=A1,0; 4)

There is a competition among the elements for oxidation
since some of the oxides are more stable than others. As a
result of this competition, there is a tendency for the coating to
become covered with the most thermodynamically stable
oxide which is called selective oxidation. Al and Ti will react
with the oxygen to form alumina and titanium oxide,
respectively. In comparison to titanium oxide, alumina has the
lowest free energy of formation and is easy to be produced
during exposure at 850 °C thermodynamically, but Ti has
lower activity but higher diffusion rate than Al. At this high
temperature, Ti diffuses outward fast and selective oxidation
of Ti occurs, and is oxidized to TiO, and the growth rate of
TiO, is great. The TiO, with a loose and porous structure may
weaken the protective coating™™ ", Therefore, the loose layer
in the substrate surface contains not only alumina but also
titanium oxide. It implies more Ti enters into the surface layer
by outward diffusion and forms loose and porous TiO,, as
shown in Fig.9a. As a result, the newly formed porous Al,Os
cannot play a crucial role in protecting the coating. Ti oxides
produced by reaction can destroy the oxide scale gradually.
Thus, the occurrence of TiO, is indicative for the fact that the
coating is destroyed. The major role of the salt in hot
corrosion is to crack or break the protective oxide scale as
well as to produce the internal void. With the progress of the
corrosion, some cracks are formed due to plastic deformation
and grain growth. 0%, S and Na" present at the cross-section
lead to porosity and sponginess and cause the formation of
internal oxide. Oxygen molecules could penetrate into the
scale along various paths, such as grain boundaries, pores,
cracks and defects.

3.2 Corrosion mechanisms of Al,Os/Al coated sample

Compared with the substrates, the coated samples reveal
good stability in the fused salt of Na,SO,. Alumina is an oxide
ceramic that possesses a stubborn chemical stability besides
high strength and high rigidity, even at elevated temperatures.
As shown in Fig.9b, the sealed coating structure can effect-
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Fig.9 Schematic diagrams of y-TiAl alloy (a) and ALO3/Al
composite coating (b) evolution during corrosion test
at 850 °C

tively suppress the erosion of O*, S* and Na' owing to the
excellent inertness of Al,03/Al coating in fused salts.

On the other hand, the Al,Os;/Al composite coating has
superior crack and spallation resistance because of its gradient
structure. The outward and inward diffusion of the Al element
from interlayer leads to a gradient section structure of the
coating system. Meanwhile, the Al interlayer provides
sufficient Al source for the formation of a continuous Al,O;
layer in the coating surface. Increasing the test time, the Al
interlayer is exhausted, while the thickness of intermediate
diffusion layer grows, as shown in Fig.9b. Thus, the presence
of an Al interlayer assures the beneficial effect of a stable and
compact Al,O3 layer. The outward diffusion of Ti was detected
by EDS and XRD techniques during oxidation test, as shown
in Fig.6 and Fig.7. As an active intermetallic element with Ti,
Al suppresses the out diffusion of Ti to the coating surface
effectively because of the synthesis of Ti-Al intermetallics,
such as TiAl,, TiAl;.

4 Conclusions

1) The as-deposited Al,Os/Al composite coating which
consists of an Al,O; top-layer, an Al interlayer and a diffusion
layer is compact, uniform and has good adhesion with
substrate y-TiAl alloy.

2) The Al,O5/Al composite coating with a thickness of ~20
pm provides excellent corrosion resistance in 850 °C fused
Na,SO, for 100 h. The coating is intact and the average mass
gain of coated samples is less than that of the substrate.

3) Al,O;, TiO, and TiAl; are identified as the main phase
structure of the coating surface after the corrosion test, while
the AL,O;/Al composite coating transforms to an oxide
top-layer and a Ti-Al diffusion interlayer.

4) The Al,05/Al composite coating has superior crack and
spallation resistance because of its gradient structure, while
the sealed coating structure can effectively suppress the
erosion of O*, S* and Na" owing to the excellent inertness of
AlL,O3/Al coating in fused salts.
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