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Gradient thermal barrier coatings (GTBCs) have been produced by electron beam physical
vapor deposition (EB-PVD). Their performance was evaluated by isothermal oxidation and
cyclic high-temperature hot-corrosion tests. It is found that the GTBCs exhibited better
resistance to high-temperature oxidation and cyclic high-temperature hot-corrosion (HTHC)
than traditional two-layered TBCs. A dense Al2O3 layer on the bond coat of GTBCs can
effectively prohibit inward diffusion of oxidants such as O and S and outward diffusion of
Al and Cr. On the other hand, an “inlaid” interface, the formation of which resulted from the
oxidation of Al diffusion into the gaps between the columns of bond coat during the
fabrication of the GTBCs, contributes to reinforce the adherence of the Al2O3 layer to the
bond coat. During fluxing of the Al2O3 layer, S and O diffused into the bond coat. Cracks
developed in the surface layer of bond coat by the combined effect of sulfidation of the
bond coat and thermal cycling, and finally led to failure of the GTBC.
C© 2002 Kluwer Academic Publishers

1. Introduction
Thermal barrier coatings (TBCs) have exhibited an in-
creasing potential in improving the durability and effi-
ciency of gas turbine engines by allowing an increase
in turbine inlet temperature (TIT), and by reducing the
amount of cooling air required by hot-section compo-
nents [1]. TBCs produced by electron beam physical
vapor deposition (EB-PVD) have shown considerable
improvement in tolerance to thermal cycling as com-
pared with those by plasma spraying (PS) [2–5]. The
superior performance of EB-PVD coatings has been at-
tributed to development of a columnar microstructure.
Recently, gradient thermal barrier coatings (GTBCs)
are produced by co-deposition of a tablet of mixtures of
Al-Al2O3-YSZ onto NiCoCrAlY bond coat by means
of EB-PVD [6, 7]. Relative to traditional two-layered
coatings, the GTBCs have the advantages of forming
continuous microstructure through the thickness of the
coating and consequently avoiding stress concentration
in the coating.

As one of crucial problems unavoidable met in ap-
plication, hot corrosion behavior is an important aspect
of research on properties of TBCs. Some investiga-
tion has been performed on possible effects of hot-
corrosion attack on the traditional two-layered coatings
initially by [8] and latter by Jones et al. [9] and James
et al. [10]. Compared with those tested in oxidation
environment, the lifetimes of the two-layered coatings
drop precipitously when tested in hot-corrosion envi-
ronment [11]. Several mechanisms have been proposed

to explain the accelerated degradation of the TBCs in
the hot-corrosion conditions: destabilization of zirco-
nia, accelerated oxidation and sulfidation of bond coat,
solidification of sodium sulphate in cracks [12]. How-
ever, no investigation so far has been made on failure
mechanism of the GTBCs under hot-corrosion. In the
present study, an effort was made to evaluate perfor-
mance of the GTBCs by isothermal oxidation and cyclic
high-temperature hot-corrosion (HTHC) tests.

2. Experimental
2.1. Preparation of GTBCs
A four-electron-gun EB-PVD equipment with three
water-cooled copper crucibles were used for preparing
the GTBCs. A Ni-based superalloy was chosen to be the
substrate material. The specimens were dimensioned
as 15 mm × 10 mm × 2 mm. NiCoCrAlY and ZrO2-
8wt%Y2O3 (YSZ) ingots of 50 mm in diameter and
200 mm in length were used as the evaporation sources
of the bond coat and the ceramic topcoat, respectively.
The chemical composition of the NiCoCrAlY ingot was
Ni-22Co-20Cr-8Al-1Y in wt%. A tablet pressed from
mixtures of powders of Al-Al2O3-ZrO2-8wt%Y2O3
was placed on the upper end face of the YSZ ingot to act
as the evaporation source of a transition layer between
the bond coat and YSZ topcoat. A NiCoCrAlY bond
coat was first deposited onto the substrate by EB-PVD.
Then, the tablet of Al-Al2O3-ZrO2-8wt%Y2O3 was
co-deposited onto the bond coat also by EB-PVD. And
finally, the GTBCs were finished by the deposition of an
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YSZ topcoat. Detailed procedures about the fabrication
of the GTBCs were already been given elsewhere [6].
As the result, a GTBC can be obtained with the struc-
ture of NiCoCrAlY bond coat/Al2O3 layer/Al2O3-YSZ
transition layer/YSZ topcoat.

For comparison, traditional two-layered TBCs com-
prising of NiCoCrAlY bond coat and YSZ topcoat
were also prepared by means of EB-PVD, where the
bond coat was pre-oxidized in vacuum and surface-
strengthened by shot-peening before deposition of YSZ
topcoat onto the bond coat. The thickness of the bond
coat and YSZ topcoat of the two-layered coating are
the same as those of the GTBCs, respectively.

2.2. Isothermal oxidation tests
Isothermal oxidation tests were performed using a ther-
mal analytical balance of TG 328A model. The test
specimens were exposure to air at 1323 K for 100 hr
and their weight changes were measured to a precision
of 10−4g.

2.3. High-temperature-corrosion
tests [13, 14]

The HTHC is generally defined as hot corrosion that oc-
curs at temperature above the melting point of Na2SO4
(>1157 K). The tested specimens were weighed by the
thermal analytical balance and coated with a 2 mg/cm2

deposit of Na2SO4 sprayed onto all sides of the test
specimens (preheated to 373 K) with an aqueous solu-
tion of Na2SO4. The test specimens were inserted the
air furnace at 1223 K and removed after 20 hr. Subse-
quently, the specimens were cooled to room tempera-
ture and rinsed several times with deionized water and
furnace dried, recoated with Na2SO4, reweighed and
reinserted the furnace.

3. Results and discussion
3.1. GTBCs before testing
Fig. 1 shows an SEM micrograph and EDXS mappings
of cross-section of the GTBC before testing. The GTBC
consists of a NiCoCrAlY bond coat (about 50 µm), an
Al2O3 layer (about 5 µm), an Al2O3-YSZ transition
layer (about 10 µm) and an YSZ topcoat (about 80 µm).
The Al2O3 layer was formed during the deposition of
the tablet of Al-Al2O3-YSZ onto the bond coat. It is well
known that for traditional two-layered TBCs a fully
dense TGO can not obtained under thermal cycling,
due to mismatch of coefficient of thermal expansion
(CTE) [15–17]. It can be speculated that the GTBCs
have a better resistance to oxidation than tradition two-
layered TBCs.

3.2. Isothermal oxidation tests
Isothermal-oxidation tests were performed to under-
stand the growth mechanism of oxides in the GTBC.
For comparison, specimens with the two-layered TBC,
and with the single NiCoCrAlY coating were also
used for the tests. Fig. 2 shows the weight changes
of the coated specimens during 100 hr testing in air
at 1323 K. The oxidation reactions generally fol-
lowed the parabolic rate law. The weight gains after
100 hr testing were 0.38 mg/cm2, 0.45 mg/cm2 and

Figure 1 SEM micrograph and EDXS analysis of cross-section of the
GTBC before testing.

Figure 2 Plot of weight change vs. time for the coated specimens during
100 hr testing in air at 1050◦C.

0.72 mg/cm2 for the GTBC, the two-layer TBC and the
single NiCoCrAlY coating, respectively. According to
the parabolic rate law m2 = kpt (where m is specific
weight gain, kp is parabolic rate constant, and t is time)
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Figure 3 SEM micrograph and EDXS analysis of cross-section of the
GTBC after 100 hr testing in air at 1323 K.

[18], the oxidation rate constants were calculated to
be 4.011 × 10−13 g2cm−4s−1, 5.62 × 10−13 g2cm−4s−1

and 1.44 × 10−12 g2cm−4s−1 for the GTBC, the two-
layer TBC and the NiCoCrAlY coating, respectively. It
is clear that the oxidation rates of both the GTBC and
two-layered TBC are far below that of the NiCoCrAlY
coating. The low oxidation rate of the two-layered TBC
can be attributed to the increased protection of pre-
oxides formed on the bond coat during pre-treatment
in vacuum. On the other hand, the GTBCs have a better
resistance to high-temperature oxidation than the two-
layered TBCs, due to the formation of the dense Al2O3
layer on the bond coat during the preparation of the
GTBC.

The change of the GTBC in microstructure was
examined during testing. Fig. 3 shows an SEM mi-
crograph and EDXS analysis of cross-section of the
GTBC after 100 hr testing at 1323 K. The columnar
microstructure of the YSZ topcoat remained basically
the same as that before testing. However, there is a small
increase of the Al2O3 layer in thickness. It is clear that
outward diffusion of Al occurred during the testing by
selective oxidation of the Al in the bond coat. In the
meantime, it is found that an “inlaid” interface was

Figure 4 Higher magnification of the “inlaid” interface between the
Al2O3 layer and bond coat in Fig. 3, where the Al2O3 layer grew into
gaps between the columnar grains in the bond coat.

formed between the Al2O3 layer and bond coat, which
was caused by oxidation of the Al from the tablet of
Al-Al2O3-YSZ that diffused into the gaps between the
columns of the bond coat during the co-deposition of
the tablet. It can be thought that the “inlaid” interface
reinforced the adherence of Al2O3 layer to the bond
coat. The analysis result of EDXS gives clear evidence
that outward diffusion of Al occurred accompanying
with the inward diffusion of oxygen into the bond coat
during high-temperature oxidation. In addition, there
was no sign of outward diffusion of Cr. This indicates
that the Al2O3 layer can effectively prohibit the outward
diffusion of Cr during high-temperature oxidation.

Fig. 4 compares XRD patterns (Cu Kα radiation) on
the surface of the Al2O3-YSZ transition layer before
testing and after 100 hr testing at 1323 K. The result
of XRD analysis shows that the transition layer mainly
consists of t-ZrO2 phase and small amount α-Al2O3
phase. Some peaks from γ + γ ′ phases are also de-
tected, which are caused by the NiCoCrAlY bond coat.
On the other hand, it is found that the relative intensity
of γ + γ ′ phase to that of ZrO2 phase in the transition
layer after 100 hr testing decreased as compared with
that before testing. This confirms the above observation
and analysis that the growth of Al2O3 layer is caused
by oxidation of the bond coat.

3.3. High-temperature hot-corrosion tests
The tested specimens include the one coated with the
traditional two-layered TBC and the other with the
GTBC. Fig. 5 shows the weight changes of the tested
specimens obtained during cyclic HTHC test. Com-
pared with those tested in isothermal oxidation envi-
ronment, the tested specimens showed a significant in-
crease in weight before catastrophic failure. This means
that the oxidation rates were greatly accelerated when
the TBCs exposed to hot-corrosion environment. On the
other hand, once deterioration started, the specimens
showed abrupt loss in weight, suggesting that spallation
of the coatings from the substrate occurred. The two-
layered TBC failed after 180 hr of testing, whereas the

5335



Figure 5 XRD patterns on the surface of the transition layer of the GTBC
before testing (a) and after 100 hr testing in air at 1323 K (b).

Figure 6 Plot of weight change vs. time for coated specimens during
cyclic high-temperature hot-corrosion test in air at 1223 K.

GTBC improved the cyclic HTHC resistance by about
100 hr as compared with the two-layered TBC. This
indicates the GTBC have a better resistance to cyclic
HTHC attack than the traditional two-layered TBC.

The change in microstructure was examined during
the cyclic HTHC test Fig. 6 shows SEM cross-sectional
view of the GTBC after 300 hr testing. Compared
with the one before testing, the YSZ topcoat shows no
change in typical columnar grain microstructure and
remains good adherence to the Al2O3-YSZ transition
layer. However, catastrophic cracks developed in the
surface layer of bond coat. It is clear that failure of
the GTBC will take place by cracking at the interface
between the bond coat/Al2O3 layer after few cyclic test-
ing. The corresponding EDXS mappings, as shown in
Fig. 7, indicate that O and S are enriched in the sur-
face layer of bond coat. This means that S diffused
into the bond coat during the fluxing of Al2O3 layer in
Na2SO4. In the meantime, a certain concentration of Cr
also presents in the surface layer besides its enrichment
in the inner bond coat, suggesting outward migration
of this element during the testing.

It is well known that there are large populations of
pores between individual ceramic columns in the YSZ
topcoat of both GTBCs and two-layered TBCs, which

Figure 7 SEM cross-sectional view of the GTBC after 300 hr of cyclic
high-temperature hot-corrosion test at 1223 K.

Figure 8 SEM cross-sectional view and EDXS analysis of the GTBC
after 300 hr of cyclic high-temperature hot-corrosion test at 1223 K.

contribute to improve the tolerance of the TBCs to
strain. Unfortunately, the deposits of fused Na2SO4 on
the coatings can infiltrate into the bond coat through
the pores in the YSZ topcoat during HTHC testing. The
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dense Al2O3 layer formed on the bond coat of GTBC
effectively prohibits inward diffusion of oxidants such
as O and S and outward diffusion of Al and Cr. It is
possible that the initiation hot-corrosion stage of the
GTBCs is significantly postponed as compared with
that of the two-layered TBCs. In the meantime, the “in-
laid” interface reinforced the adherence of Al2O3 layer
to the bond coat. Additionally, thermal stresses were
greatly relaxed in the GTBCs. Due to the above factors,
the GTBCs revealed superior behavior of resistance to
cyclic HTHC as compared with the two-layered TBCs.

The end of the initiation stage results from the pene-
tration of Na2SO4 through the protective Al2O3 layer,
due to fluxing of the protective oxides in Na2SO4 as
acidic or basic solutes [19–22]. During propagation
stage, the accelerated oxidation and sulfidation of the
bond coat occurred. It is possible that the S reacts with
the bond coat to form sulfides such as chromium sulfide
in the surface layer of the bond coat as shown in Fig. 7.
Cracks developed in the surface layer by the combined
effect of the sulfides and thermal cycling, and finally
led to failure of the GTBC.

4. Conclusions
Performance of the GTBCs was evaluated by isother-
mal oxidation and cyclic high-temperature hot-
corrosion tests. Conclusions can be draw as follows:

1. The GTBCs exhibited better resistance to high-
temperature oxidation and cyclic HTHC than tradi-
tional two-layered TBCs.

2. The dense Al2O3 layer formed on the bond coat
can effectively prohibit inward diffusion of oxidants
such as O and S and outward diffusion of Al and Cr.

3. An “inlaid” interface, the formation of which re-
sulted from the oxidation of Al diffusion into the gaps
between the columns of bond coat during the fabrica-
tion of the GTBCs, reinforced the adherence of Al2O3
layer to the bond coat.

4. S and O diffused into the bond coat during fluxing
of the Al2O3 layer. Cracks developed in the surface
layer of the bond coat by the combined effect of the
sulfidation of bond coat and thermal cycling, and finally
led to the failure of GTBCs by cracking at the interface
between the bond coat and Al2O3 layer.
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