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High-Temperature Investigation of a Thermal Barrier Coating
Investigation of material properties at or near their
operating temperatures has become increasingly
important for verifying mechanical stability. For instance,
the environments in a combustion chamber and the first
section of gas turbines requires materials that are highly
resistant to creep and oxidation. Turbine blades used in
the first sections are made of creep-resistant Ni-based
superalloys covered with thermal barrier coatings (TBCs).
The TBC thermally isolates the core material, allowing
higher gas inlet temperatures to be reached. Surface
temperatures of 1200°C can be tolerated through stateof-the-art design and the appropriate choice of materials.
This prevents the temperature of the Ni superalloy from
surpassing 1000°C, resulting in higher energy conversion
efficiency. Nanoindentation at elevated temperatures is
an ideal technique for verifying the mechanical stability of
the different layers as test conditions approach operating
temperatures. In this study, the cross-section of a Ni-based
alloy coated with a 100μm thick NiCoCrAlY bondcoat layer
was investigated; this configuration is comparable to a
turbine blade directly after production.

Sample Description
Figure 1 shows the cross-section of the sample including
the Ni-based superalloy, the NiCoCrAlY layer, and the
ZrO coating. The NiCoCrAlY layer acts as a bondcoat as
well as a reservoir of Al to form a stable oxide layer at the
interface to the TBC, preventing oxidation of the underlying
layers through passivation. The Al also diffuses into the

Figure 1. Cross-section of the thermal barrier coating structure.

Ni-based alloy and increases the amount of Ni3Al near the
interface. The TBC coating was a Y-stabilized ZrO that
was applied by plasma spraying, which results in a layer
of locally connected, solidified ZrO2 droplets as opposed
to a continuous layer. The cracks and voids in this layer
hinder heat flow, resulting in better thermal isolation. ZrO2
has a melting point of 2715°C (the phase transformations
have been suppressed by stabilizing with Yttrium) and
exhibits stable mechanical properties at the investigated
temperatures. The present investigation of mechanical
properties at elevated temperature is therefore focused on
the Ni-based superalloy and the bondcoat.

Procedure
The experiments were conducted using a Hysitron
TriboIndenter® with a Berkovich indenter. The local
properties at room temperature were investigated by
indents of 100nm penetration depth and a spacing of 4μm.
For elevated temperatures, the TBC sample was mounted
in the Hysitron xSol® 600 heating stage, which provides
testing in controlled gas environments. The xSol stage
has independent feedback control of both the sample and
indenter temperature, providing a uniform temperature
during testing. A gas blend of hydrogen (5%) and
nitrogen (95%) was used to prevent oxidation. Indentation
experiments were performed up to 600°C with an applied
load of 3mN (see Figure 2) on the Ni-based alloy and the
bondcoat layer, NiCoCrAlY. Additionally, creep experiments
were performed using the nanoDMA® III reference
frequency technique at the same temperature using the
xSol stage.

Figure 2. Load versus displacement curves of NiCoCrAlY at
350°C (red), 500°C (green), and 600°C (purple). The low scatter of
these curves and the regular shape indicates the high stability of the
instrument at elevated temperature.

Results
The measured hardness (H, GPa) and reduced modulus
(Er, GPa) of the sample cross-section, tested at room
temperature as a function of location, are shown in
Figure 3. The properties of the constituent layers are
distinct, with the porous ZrO layer exhibiting high scatter.
At elevated temperatures up to 600°C, the investigations
were focused on the Ni-based alloy and the bondcoat
layer, NiCoCrAlY. The resulting H and Er of both layers are
shown as a function of temperature (see Figure 4). Hightemperature stability is well demonstrated in Figure 4 as
the standard deviations of the measurements do not show
an obvious temperature dependence. While the mechanical
properties of the base alloy do not show a significant
temperature dependence, the same is not true of the
bondcoat. The temperature dependence of the NiCoCrAlY
compound can be ascribed to its multiphase nature, in
particular the NiAl phase. NiAl has a B2 crystal structure,
which is known for its brittleness at low temperatures
due to an insufficient number of active slip systems. At
temperatures beyond 500°C, more slip systems become
activated, thereby producing the observed softening of
the NiCoCrAlY layer with temperature (see Figure 4). The
creep measurements were conducted at 400°C, 500°C,
and 600°C. The results show that the Ni-based alloy
creeps significantly less than the NiCoCrAlY (see Figure 5).
The Ni-based alloy has been designed to be very creep
resistant, which can be confirmed and quantified by this
technique. The increase in the creep rate observed for
the bondcoat layer may also be attributed in part to the
aforementioned NiAl phase.

Figure 3. Hardness and modulus versus position.

Figure 4. Hardness and modulus versus temperature.
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High-temperature indentation tests have successfully been
performed on a sample used in gas turbine applications.
As the creep results indicate, at 600°C the bondcoat
NiCoCrAlY shows a dramatic increase in creep rate in
comparison to the Ni-based alloy. This observation is further
verified through the hardness drop seen in Figure 4. The
load versus displacement curves, which show a lack of
scatter as well as a distinct adherence to expected shape,
demonstrate a high stability of the measurement system
during testing at elevated temperatures. Therefore, the
mechanical properties measured at higher temperatures
can be evaluated with the same confidence as those at
room temperature.
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Figure 5. Contact depth of indenter versus time during a creep
experiment of 600s. The indentation creep can be determined with
nanometer resolution even at 600°C.
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