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Abstract: To improve the deposit (the main components are CaO, MgO, AlO,, and SiO,, together referred to as CMAS) corrosion

resistance of thermal barrier coatings (TBCs), the filtered cathodic vacuum arc (FCVA) technique was adopted to prepare a dense

AlLO, coating on the surface of TBCs. The wetting behavior and CMAS corrosion resistance of Al,O,-modified TBCs and as-

deposited TBCs were compared and analyzed. Results show that the preparation of Al,O, coating by FCVA technique has no obvious
influence on the structure of 7wt% yttria-stabilized zirconia (7YSZ) phase. Besides, the Al,O,-modified TBCs have better
comprehensive performance compared with the as-deposited TBCs. Under the CMAS corrosion at 1250 ° C, the AlLO, coating

effectively restricts the spread of molten CMAS on TBC surface. In addition, the Al,O, coating fills the gaps between 7YSZ columnar

crystals and hinders the infiltration of molten CMAS. It is proved that FCVA method is appropriate to Al,O, coating preparation in

order to improve the CMAS corrosion resistance of TBCs, and the Al,O, coating and its preparation do not have negative influence on

the thermal shock performance of TBCs.
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The thermal barrier coatings (TBCs) can protect the
substrate from oxidation, improve the engine operating
efficiency, and offer thermal insulation to the hot section
components of advanced gas turbine. Commonly, TBCs
consist of the MCrAlY bond coating, thermally grown oxide
(TGO), and 7wt% yttria-stabilized zirconia (7YSZ) top
coating!”!. Owing to the high operating temperature (above
1200 ° C), TBCs are vulnerable to the degradation by the
molten composites (the main components are CaO, MgO,
ALO,, and SiO,, together referred to as CMAS)™ . It is
reported that the molten CMAS firstly penetrates the porous
top coating and then solidifies after cooling. During the
process, the thermal stress resulting from the thermal
expansion mismatch between CMAS and TBCs is generated
internally, thereby leading to the crack formation and final
failure’'”. In addition, the reaction of dissolution/re-
precipitation between CMAS and TBCs can cause the
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transformation of yttria-stabilized tetragonal (t)-zirconia into
yttria-rich cubic of yttria-stabilized zirconia (c-YSZ) or yttria-
depleted monoclinic of yttria-stabilized zirconia (m-YSZ).
This phenomenon also induces the crack formation and yttria-
stabilized zirconia (YSZ) spallation™".

To improve the CMAS corrosion resistance of TBCs, the
dense AlLO, coating on the surface of TBCs is a promising
approach. The Al,O, coating can act as an impermeable barrier
or a sacrificial layer to prevent the penetration of molten
CMAS!" " into TBCs. Fan"" and Zhang"" et al prepared
a-ALQO, layer on the surface of TBCs by magnetron sputtering
and vacuum heat treatment at 900 °C. It is found that the
TBCs covered by a-Al,O, have better CMAS corrosion resis-
tance than the original TBCs do after isothermal tests at
1200 °C for 24 h. It is also observed that the a-AlO, layer
partially fills the open pores and cracks in the 7YSZ top
coating, therefore hindering the penetration of molten CMAS.
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Moreover, o -AlLO, reacts with CMAS, forming the new
compounds CaAlSi,O, and MgAl,O, with high melting points
(above 1500 °C), which also play the role of resistance against
CMAS infiltration. Mohan et al"” prepared a dense and crack-
free ALO, layer for TBCs by electrophoretic deposition
technique and investigated the CMAS corrosion resistance of
modified coatings at 1300 °C. It is found that the dense ALO,
layer can react with CMAS to generate CaAl,Si,0, and
MgAlLO,, which effectively improves the CMAS corrosion
resistance of TBCs.

Currently, a large number of coating techniques, such as
chemical vapor deposition (CVD), phase vapor deposition
(PVD), plasma spray (PS), magnetron sputtering, and
electrophoretic deposition technique, have been used to
prepare the AL,O, coatings for TBCs. Among these techniques,
the filtered cathodic vacuum arc (FCVA) technique has been
widely applied for the preparation of dense continuous crack-
free coating due to the high ionization rate and free of
macroparticle pollution!"”"”. It is also reported that the FCVA
process can be conducted at low temperature (~200 ° C)"°.
Hence, FCVA technique is suitable to deposit dense and
impurity-free AL,O, coating on the surface of TBC, avoiding
the 7YSZ transformation during the depositing process.

In this research, the AlLO, coating was prepared on the
surface of TBC by FCVA technique. The wetting behavior and
corrosion resistance against CMAS of AL O,-modified TBCs
and as-deposited TBCs were evaluated. The phase
composition and microstructures of the coatings before and
after corrosion were investigated. The performance difference
of the coatings was analyzed. This research may offer a new
approach to improve the CMAS corrosion resistance of TBCs.

1 Experiment

The TBC system used in this research consisted an electron-
beam physical vapor deposited (EB-PVD) 7YSZ top coating,
the GH 4169 superalloy sheets, and the NiCrAlY bond coating
prepared by high-velocity oxygen fuel (HVOF) with
commercial powders (99.9% purity, Institute of Metal
Research, Chinese Academy of Sciences). The substrates
sheets (25 mmx13 mmx1.5 mm) were previously grit-blasted
with ALO, to improve the coating adhesion. The thickness of
bond coating and top coating was about 20 and 150 pm,
respectively. AL,O, film was prepared on the TBC surface by
FCVA technique with the thickness of 2 pm. The ALO, film
was prepared by Al target (99.99% purity) and O, (99.999%
purity) gas. Before deposition, the base pressure of the
deposition chamber was evacuated to 3x10° Pa. The
deposition chamber atmosphere and pressure were controlled
by the O, gas inlet. The substrate temperature was controlled
by the temperature controller system, and the thickness of the
AlO, film was controlled by the deposition time. During the
deposition process, the O, gas flow rate was 20 mL/min. The
O, gas inlet was closed when the deposition chamber was
evacuated to 2x107 Pa. The direct current, working time, and
deposition temperature was set 90 A, 1 h, and 200 ° C,
respectively. Finally, the AL,O,-modified 7YSZ coatings were

obtained.

CMAS was composed of 14.25mol% CaO, 4.81mol%
MgO, 17.56mol% AlO,, 48.88mol% SiO,, and 3.02mol%
TiO,”". The melting point of CMAS was measured by
differential scanning calorimetry (DSC) as 1240 °C. CMAS
(0.05 g) was compressed under the fixed pressure into the
cylinder with height of 5 mm and diameter of 3 mm, and then
placed on the ALO,-modified TBC specimen. Subsequently,
the overall specimen was fixed on an ALO, sample holder.
Finally, the specimen was placed in the furnace center. The
temperature was 1250 °C with a heating rate of 10 °C/min,
and the specimen was kept at 1250 ° C for 20 min. The
morphology change of CMAS cylinder was supervised by the
charge-coupled device (CCD) camera. Besides, the as-
deposited TBCs were used as the control specimens for
comparison.

The thermal shock performance of the Al O,-modified
TBCs and as-deposited TBCs was evaluated through the water
quenching tests. The specimens were heated to 1100 °C and
kept for 10 min in the furnace and then quenched by water to
room temperature. The corrosion resistance against CMAS of
Al,O,-modified and as-deposited TBCs was evaluated. The
CMAS powders were uniformly brushed onto the surface of
different specimens and the CMAS concentration was about
50 mg/cm’. Then, the ALO,-modified and as-deposited TBCs
were placed in the air furnace and isothermally oxidized at
1250 °C for 2 h, which were denoted as A-TBCs and N-TBCs,
respectively. The preheating/cooling rate of air furnace was set
as 6 °C/min.

The phase composition of the specimens before and after
tests were examined by X-ray diffraction (XRD, RAX-10,
Rigaku, Japan) with Cu Ka (4=0.154 056 nm) radiation. The
surface and cross-section morphologies of the specimens
before and after tests were investigated by field emission
scanning electron microscope (FE-SEM, S-4800, HITACHI,
Japan). The chemical composition and element distributions
of the specimens before and after tests were analyzed by the
energy dispersive spectrometer (EDS, PN-5502, INCA
ENGERY, UK)

2 Results and Discussion

2.1 XRD patterns of coatings

XRD patterns of the as-deposited and Al,O,-modified TBCs
coatings are shown in Fig. 1. It can be seen that the as-
deposited TBC prepared by EB-PVD is mainly composed of
m-Zr0,, ¢-Zr0,, and t'-ZrO, phases. As for the Al,O,-modified
TBC, no distinct peaks of AL,O, can be observed, because the
coating prepared by FCVA method is usually amorphous™™".
2.2 Microstructure of coatings

Surface and cross-section morphologies of the as-deposited
and Al,0,-modified TBCs are shown in Fig.2. It can be seen
from Fig.2a that the surface morphology of the as-deposited
TBC shows the typical columnar structure and the gaps
between 7YSZ columnar crystals are obvious. EDS spectrum
of point 1 in Fig.2a demonstrates that the composition of the
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Fig.1 XRD patterns of as-deposited and Al,0,-modified TBCs

top coating is mainly ZrO,, which is in accordance with the
XRD results. The cross-section morphology of as-deposited
TBC (Fig.2c) shows that the thickness of bond coating is ~20
pm. Fig.2d shows that TGO appears with the thickness of ~0.2
pm due to the oxidation. Fig.2e and 2f prove that the ratio of
Y: Zr is approximately 7:93. The roughness of as-deposited

TBC is 1.09. The surface morphology of Al,O,-modified TBC
(Fig. 2g) is denser than that of the as-deposited TBC,
indicating that the Al,O, coating is beneficial to protect the top
coating from the penetration by molten CMAS™’,

EDS spectrum of point 4 in Fig.2g shows that the element
mainly contains the Al, Zr, and O. The
characteristics of as-deposited TBC remain even after the
deposition of Al,O, coating. It can be seen that the structure of
AlO, coating with the thickness of ~2 pm is integrated and
consecutive and the Al,O, coating completely fills the gaps
between 7YSZ columnar crystals. The surface roughness of
Al,O,-modified TBC is 1.02, indicating that Al,O, coating
does not affect the roughness of TBCs.

The specimens after cooling process were observed by
optical microscope (OM), and the geometries of CMAS
pellets after heating and stabilization are illustrated in Fig.3.
Obviously, the area occupied by the molten CMAS on as-
deposited TBC (Fig. 3a) is larger than that on the ALO,-
modified TBC (Fig.3b); the diameter of the as-deposited and
Al,O;-modified TBCs is 6.8 and 5.5 mm, respectively.
Meanwhile, it can be seen that the contact angle of the as-
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Fig.2 Surface (a, g) and cross-section (c, i) morphologies and EDS analysis results of as-deposited (a~f) and Al,O,-modified (g~I) TBCs:

(b) EDS spectrum of point 1 in Fig.2a; (d, e) magnified morphologies of area 2 and area 3 in Fig.2c, respectively; (f) EDS analysis result

of point A~C in Fig.2e; (h) EDS spectrum of point 4 in Fig.2g; (j~1) magnified morphologies of area 5~area 7 in Fig.2i, respectively
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Fig.3 OM images (a, b) and contact angles (c, d) of as-deposited (a, ¢) and Al,O,-modified (b, d) TBCs after wetting behavior tests

deposited TBC (Fig. 3c) is smaller than that of the AlLO,-
modified TBC (Fig. 3d). Therefore, it can be concluded that
the molten CMAS is easier to spread on the surface of as-
deposited TBCs, suggesting that the ALO, coating is
beneficial to restrict the spread of molten CMAS.

The appearances of as-deposited and Al,O,-modified TBCs
after CMAS corrosion at 1250 °C for 2 h are shown in Fig.4.
As for N-TBC specimen, the as-deposited TBC fails"",
indicating that the as-deposited TBCs cannot protect the
substrate from corrosion for 2 h. The protective coating can
still be found on the surface of A-TBC specimen after
corrosion for 2 h, inferring that the corrosion resistance of
Al,0,-modified TBCs is better than that of as-deposited TBCs,
i.e., the AL,O, protective coating can significantly improve the
corrosion resistance of TBCs. The grains of 7YSZ phase
dissolve in the molten CMAS when the heating temperature is
greater than 1190 ° C*. As for the N-TBC specimen, no
barrier exists to resist the CMAS penetration during the
dissolution/precipitation process. Thus, the molten CMAS
penetrates the substrate through the open pores, cracks, and
grain boundaries, i.e., TBCs fail during the CMAS corrosion.
Because the AlL,O, film can fill the open pores and cracks of
the top coating, the infiltration of molten CMAS is obviously
hindered"”. When the heating temperature is greater than
1250 °C, CMAS is at the molten state and has good liquidity.
Most CMAS is applied on the central area of TBC and a little
molten CMAS is spread to the coating edge, thereby
penetrating the interface between TGO layer and the ceramic
coating. The grains of 7YSZ phase at TBC edge may dissolve
into the molten CMAS and the TBC after corrosion is shed
from the substrate. Besides, the stress change in the coating
caused by the fast cooling rate also plays an important role in
TBC shedding.

The surface and cross-section morphologies of as-deposited
TBCs after CMAS corrosion at 1250 °C for 2 h are shown in
Fig.5. It can be seen that the coating surface is coarse and
composed of different areas (Fig.5a). According to Fig.5b, the

Fig.4 Appearances of as-deposited (a) and Al,O,-modified (b) TBCs
after CMAS corrosion at 1250 °C for 2 h

light color area is composed of globular particles, which are
identified as ZrO, by EDS spectrum in Fig.5c. In addition, the
dark color area is composed of various elements (Fig. 5d),
such as Ca, Si, Al, and Fe, indicating that the dark color area
consists of solid CMAS after cooling process. Fig.5e shows
the cross-section morphology of as-deposited TBC after
CMAS corrosion. The penetrating crack can be clearly
observed at the interface between TGO layer and bond
coating. Furthermore, Fig.5f demonstrates that the substrate is
no longer protected by the as-deposited TBC due to the
spallation of coating, which is consistent with the appearance
of N-TBC specimen.

Fig. 6 displays the surface morphologies and EDS analysis
results of Al,O,-modified TBC after CMAS corrosion at
1250 °C for 2 h. Evidently, the surface of Al,0,-modified TBC
(Fig.6a) consists of two phases. According to Fig.6b, it can be
found that the area 1 is mainly composed of circular particles,
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Fig.5 Surface (a) and cross-section (¢) morphologies and EDS analysis results of as-deposited TBC after CMAS corrosion at 1250 °C for 2 h:

(b) magnified morphology of area 1 in Fig.5a; (¢, d) EDS spectra of point 2 and point 3 in Fig.5b, respectively; (f) EDS Ni element

distribution corresponding to Fig.5e

which is identified as ZrO, by EDS spectrum in Fig. 6d.
Meanwhile, the area 2 mainly consists of glassy substance,
containing Ca, Mg, Al, Si, and Zr according to EDS spectrum
in Fig.6e.

The cross-sectional morphologies and EDS line scanning
results of ALO,-modified TBCs after CMAS corrosion at
1250 °C for 2 h are illustrated in Fig.7. It can be found that the
7YSZ phase structure of Al,O,-modified TBC after CMAS
corrosion (Fig. 7a) is basically consistent with that before
CMAS corrosion (Fig.2i). However, the TGO layer (Fig.7a) is
thickened in the Al,O,-modified TBC after CMAS corrosion

owing to the oxidation, and its thickness is ~15 pum, which is
obviously larger than that of TGO layer before CMAS
corrosion (0.2 pm). Fig.7b shows EDS line scanning results of
area 1 in Fig.7a. It can be seen that O and Al elements are
abundant in the area below 7YSZ top coating, promoting the
thickening of TGO layer. Meanwhile, the elements, such as
Ca, Mg, and Si, are dispersed homogeneously in the 7YSZ top
coating. According to Fig.7c, it can be clearly observed that
the thickness of protective ALO, coating is reduced, the
integrity and continuity of the protective Al,O, coating are
broken, and the cracks appear after CMAS corrosion. Hence,
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Fig.6  Surface morphology (a) and EDS spectra of Al,O,-modified TBCs after CMAS corrosion at 1250 °C for 2 h: (b) magnified morphology of
area 1 in Fig.6a; (c) magnified morphology of area 2 in Fig.6a; (d) EDS spectrum of point A in Fig.6b;(e) EDS spectrum of point B in

Fig.6¢c



3986

Liu Tao et al. / Rare Metal Materials and Engineering, 2022, 51(11):3981-3988

the structural change of ALO, coating after CMAS corrosion
causes the gaps between 7YSZ columnar crystals to reopen.
Then, some molten CMAS penetrates the substrate and is
dispersed homogeneously in the 7YSZ top coating. However,
it is worth noting that the atomic ratio of Y:Zr=8:92 in area 2
is basically the same as that in TBC before corrosion (7:93).
Therefore, it can be concluded that the 7YSZ coating barely
changes during CMAS corrosion process owing to the
protection by AlO, coating. Fig.7d shows that some cracks
appear at the bottom of 7YSZ coating and the atomic ratio of
Y:Zr=10:90 in this area is larger than that in area 1 (7:93),
indicating that the c-YSZ phase appears after CMAS
corrosion due to the reaction of dissolution/re-precipitation
between CMAS and TBCs. The cracks appear at the interface
between ceramic and bond coating in the Al,O,-modified
TBCP*, as shown in Fig.7d. On the one hand, when there is
excess CMAS on the surface of TBC, yttria diffuses from
TBC into the molten CMAS, resulting in the phase
transformation in the 7YSZ phase. Besides, CMAS corrosion
also results in the localized melting and subsequent re-
precipitation of the coating, leading to the loss of columnar
The during phase
transformation and microstructure evolution leads to the stress

microstructures. volume change
change in the coating, thereby resulting in the generation of
cracks. On the other hand, once the CMAS melts into TBCs
and re-solidifies, the large thermal expansion mismatch
between the CMAS layer and TBC occurs, the thermal stress
is high, and the spallation of TBC occurs after cooling. The
cracks appear at the interface between ceramic and bond
coating, because a large amount of CMAS is infiltrated from
the coating surface into interface. Fig.7e and 7f show the Si
and Ca element distributions in cross-section of ALO,-
modified TBC after CMAS corrosion.

The water-quenching tests, namely the thermal shock

N

0 Al

cycles, were conducted for as-deposited and Al,O,-modified
TBCs. Fig. 8 shows the surfaces of as-deposited and AlLO,-
modified TBCs during 60 cycles of quenching process from
1100 ° C to room temperature. It can be seen that the as-
deposited TBC begins to peel off after 30 thermal shock
cycles. With increasing the thermal shock cycles, the shedding
area becomes larger and larger, as shown in Fig.8e. The color
of ALLO,-modified TBC surface becomes white (Fig.8g) and
the peeling phenomenon can be observed after 45 thermal
shock cycles (Fig. 8i). The thermal shock performance of
Al,O,-modified TBCs is similar to that of the as-deposited
TBCs because of the similar test life. Combined with the
results obtained from XRD patterns, it is proved that the Al,O,
coating and its preparation process have no negative effect on
performance of TBCs.

Based on the characterization results, it is believed that the
as-deposited and AlO,-modified TBCs undergo different
transformation processes during the CMAS corrosion. For the
as-deposited TBCs, the porous columnar microstructure of
7YSZ top coating deposited by EB-PVD provides high strain
tolerance, which is beneficial to extend the service life of
TBCs™*'". However, the gaps between 7YSZ columnar
crystals provide channel for molten CMAS to enter into the
TBCs during the CMAS corrosion process. Krmer et al®
found that the infiltrating molten CMAS is enriched at the
interface between 7YSZ top coating and TGO layer, dissolves
the underlying TGO layer, and promotes the generation of
globular cubic ZrO, by dissolution/re-precipitation reaction
between t-YSZ phase and molten CMAS after heating at
1300 °C for 4 h. Hence, the TGO dissolution by CMAS and
the thermal stress resulting from the phase transformation of
t-YSZ phase finally cause the separation of TBC from the
substrate.

Compared with the as-deposited TBCs, the Al,O,-modified
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Fig.7 Cross-section morphology (a) and EDS analysis results of Al,O,-modified TBCs after CMAS corrosion at 1250 °C for 2 h: (b) EDS line

scanning results of area 1 in Fig.7a; (c, d) magnified morphologies of area 2 and area 3 in Fig.7a, respectively; (e, f) EDS Al element and

Si element distribution corresponding to Fig.7d, respectively
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Fig.8 Thermal shock performance of as-deposited (a~¢) and Al,O,-modified (f~j) TBCs after thermal shock of 0 cycle (a, f), 15 cycles (b, g), 30

cycles (c, h), 45 cycles (d, 1), and 60 cycles (e, j)

TBCs display superior CMAS corrosion resistance owing to
the protective effect of AlLO, coating prepared by FCVA
technique. On the one hand, because the gaps between 7YSZ
columnar crystals are filled by AlO,, the channels for CMAS
penetration are decreased™". On the other hand, the ALO,
protective coating reacts with the molten CMAS, forming the
protective anorthite with high melting point and resulting in
good stability to hinder the further infiltration of molten
CMAS into TBCs®'*'. However, with the consumption of
AlQ,, the thickness of ALO, coating is reduced and some
gaps between 7YSZ columnar crystals reopen. Hence, a small
amount of molten CMAS enters into the TBCs and is enriched
at the interface between 7YSZ phase and TGO layer.
Nevertheless, the destructive effect of molten CMAS is
insufficient to cause the spallation between TBC and substrate
after CMAS corrosion for 2 h.

3 Conclusions

1) The ALO,-modified thermal barrier coatings (TBCs)
exhibit enhanced comprehensive performance, including
larger contact angle, smaller spreading area, and better deposit
(the main components are CaO, MgO, ALO,, and SiO,,
together referred to as CMAS) corrosion resistance.

2) The preparation of ALO, coating has no negative
influence on TBC performance. AL,O, coating fills the gaps
between the 7wt% yttria-stabilized zirconia (7YSZ) columnar
crystals, therefore decreasing the channels for CMAS
penetration. The Al,O, coating can also react with the molten
CMAS to form the protective anorthite.

3) The filtered cathodic vacuum arc (FCVA) technique is a
suitable method to prepare Al,O, coating in order to improve

the corrosion resistance of TBCs. The thermal shock
performance of Al,O,-modified TBCs is similar to that of the
as-prepared TBCs because of the similar test life.
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ETHOT IR AR AR ERE ALO, B 5 EH CMAS & 14 gt

LIRS R N
(1. EA AR R TREEARBEAAT, Jba{ 100083)
2. AL SR REFFAUA R AR, Jb5 100080)

W E: NTRSAERE (TBO WPy (FEHKS N Ca0. MgO. ALO,fSi0,, FiFKCMAS) JEultrERE, KR HERA K
YL (FCVA) BiRTE TBCRERM Ll # T8 M ALO, B2, M T ALO, P TBC YIRS TBC HIHIRAT NI CMAS Ji§
PhikRe. Z5REM: fHHFCVA R ARBIE ALO, B it Z R X 7% R H0 S Fe mE s (7YSZ) MM Z5H TG R 5gm,
HZ ALO, B TBC 25 & HEBE IR T U TBC. 161250 'C. CMAS B4 ME T, ALO, 55 2 A %t IR 1 %5/t CMAS 7 TBC K i
LR EAT . FR, ALOMR T 7YSZ AR S 18] [T RS  HLFEAS T 14 CMAS [19321%, iFHH T FCVA FT/E N—Fhiil % ALO, IR JZ 1
H LS S TBC P CMAS [tk BE,  H ALO, iR 2 K L & I Bt TBC [ #0GE 1 e 35 TE T AR s i«

XEIA): WOLIERA I ALO, W AULECHRE M LES . CMAS

e fii s X
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