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There is a trend to design the turbine coating and the substrate as in integral, layered, engineering assembly.
Under the harsh environment of the turbine engine, a failure in one component can quickly lead to failure in
other components. Materials that are used in structural applications are prone to mechanical vibration,
which, when not attenuated, will lead to fatigue of components and shortening of life cycle. Therefore, it
is necessary to examine the thermal stability and dynamic mechanical properties of coatings under dynam-
ic conditions. In addition to these noise reduction and vibration amplitude control motivated objectives,
however, mechanical energy dissipation processes also find intrinsic applications in cases for which a thor-
ough understanding of the mechanisms responsible for the damping response of the material is required.
This article describes the damping behavior and mechanisms that exist in plasma sprayed NiCoCrAlY coat-
ings.
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1. Introduction

High damping structural materials have the potential to
greatly reduce vibration and noise in many types of mechanical
systems. The deposition of thermal barrier coatings may provide
some form of passive damping to the structural materials. This is
important because additional machinery or attachments to pro-
vide damping to the structural material will definitely increase
the material’s load, which is critical in anaero-propulsion sys-
tem.[1,2]

However, a basic understanding about the origins of
the damping mechanisms is also important for optimization
and control purposes. In the worst case, measurements made
over a range of frequencies or temperatures may represent the
overlapping contributions of a number of unknown damping
mechanisms, and thus measurements may be impossible to in-
terpret in any meaningful manner. At the other extreme, a mate-
rial may exhibit one or more well-resolved internal friction
peaks, each of which originates from a specific damping mecha-
nism.

This article describes the measurement of the dynamic me-
chanical properties of NiCoCrAlY bond coat using a dynamic
mechanical analyzer (DMA). To further understand what
mechanisms are responsible for the increasing high temperature
background, microstructure characterization by scanning elec-
tron microscopy (SEM), x-ray diffraction (XRD), and mercury-
intrusion porosimetry were used to quantify the influence of mi-

crostructure on the dynamic mechanical properties. The
probable high temperature damping mechanisms are discussed
in light of the experimental results.

2. Experimental Procedure

2.1 Plasma Spraying and Sample Preparation

The NiCoCrAlY powders were directly used as feedstock for
plasma spraying (Table 1) onto an aluminum substrate. The
coating was deposited to a thickness of about 600 µm. The as-
sprayed coatings were then cut from the substrate with a dia-
mond cutter to create freestanding coatings. The coatings were
then annealed in air at 900 °C for 4 h, to relieve stress and aid in
homogenization. The coatings were then finished to the size of
8 × 4.5 × 0.25 mm using fine grade SiC paper. All specimens
were flat and opposite surfaces across the length, thickness, and
width were parallel to within 0.1%, in accordance with ASTM
standard E1875-97.[3]

2.2 Microstructural Characterization

An optical microscope and JSM-5600LV scanning electron
microscope (JEOL, Tokyo, Japan) attached with an energy dis-
persive x-ray spectrometer (EDS) were used to study the micro-
structure of the coatings, and chemical composition of coatings
and oxide stringers. XRD analysis was carried out to determine
the phases present prior to the dynamic mechanical analysis. The
AutoPore III mercury porosimeter (Micromeritics, Norcross,
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Table 1 Plasma Spraying Parameters

Plasma Gun SG-100 (Miller Therm, Inc., Indianapolis, IN)

Net energy, kW 17.7
Argon gas, m3/h 2.32
Helium gas, m3/h 1.13
Carrier gas, m3/h 0.34
Feed rate, g/min 35
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GA) was used to determine the pore size distribution and total
pore volume. The porosimeter is capable of measuring pore di-
ameters in the range of 0.003-360 µm. The grain size of the �
phase was measured by the Pro-image software (Leica, Cam-
bridge, UK).

2.3 DMA

2.3.1 Temperature Scan Mode. The tests were carried out
in the temperature scan mode with a three-point bending mea-
suring system. The temperature range was set from 30-950 °C at
a heating rate of 10 °C·min−1 and was checked through a ther-
mocouple wire placed adjacent to the test specimen. The oscil-
lation frequencies were set at 0.1, 1, and 5 Hz. The sample was
subjected to a static force of 1000 mN and a dynamic force
of 666.7 mN. This load was well within the elastic limit of the
coatings so that the effects of nonlinear stress distribution within
the coatings could be minimized. The accuracy of the DMA
measurement was calibrated following manufacturer’s instruc-
tions.

2.3.2 Quasi-Static Creep Test. The creep test was per-
formed to further elucidate whether the anelastic or viscoelastic
effect governed the creep process above 700 °C. The test was
performed at 750, 800, and 850 °C. Each specimen was sub-
jected to four to six separate creep-relaxation tests, with each
successive loading at a stress level twice that of the previous one.
The specimens were loaded at different stress level of 1.5, 15,
30, 60, and 120 MPa. The strain versus time plot was recorded.

3. Results

3.1 Microstructural Characterization

Figure 1 shows the microstructure of an etched NiCoCrAlY
bond coating. There are open porosity, oxide stringers (Al2O3),
and interlamellar flake-like pores. The structure of the bond coat
layer itself consists of two phases: �-face-centered cubic (fcc)
(Ni-Cr-Co-Al rich solid solution, gray area) and �-Cr body-
centered cubic (bcc) (Cr-Co-Al rich solid solution, white area).
The �-phase appears as an isolated phase separated by the con-
tinuous �-Cr phase. The x-ray diffraction diagram is shown in
Fig. 2.

The mercury-intrusion porosimeter (MIP) was used to char-
acterize the pore size and pore distribution. Figure 3 shows the
results of the MIP test for annealed NiCoCrAlY coating. The
result shows that there are two characteristic and narrow zones
of pore sizes contributing mostly to the open porosity of plasma
sprayed material. The two types of pores are mesopores and mi-
cropores.[4] Mesopores in coatings are capable of attaining a size
range of 30-100 µm, and the micropores with dimension of 0.1-1
µm can be observed in the annealed NiCoCrAlY case.

To further quantify the grain size of the �-phase in the NiCo-
CrAlY layers, SEM images of the etched samples were analyzed
using Pro-image software. The results are shown in Table 2.

3.2 The Dynamic Mechanical Properties of
Annealed NiCoCrAlY Coating

The dynamic mechanical properties of annealed NiCoCrAlY
are shown in Fig. 4. The continuous increase of internal frictionFig. 1 SEM image of etched NiCoCrAlY coating

Fig. 2 XRD patterns of annealed NiCoCrAlY coating: �, �; �, �-Cr
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(damping factor) with increasing temperature has been known as
high-temperature background. The magnitude of this high-
temperature background is also known as highly structure sen-
sitive.[5]

However, a lack of a detectable relaxation peak leaves unan-
swered the question of whether anelasticity or linear viscoelas-
ticity is involved. To account for the form of the high-
temperature background in the purely anelastic nature would
require a broad spectrum of relaxation times that increases

monotonically and without a detectable limit with increasing
values of relaxation time � that is expressible by an Arrhenius
equation

� = �0 exp�Q

kT� ( Eq 1)

where T is the absolute temperature, �0 is a time factor, Q is the
activation energy, and k is the gas constant. Fortunately, the
speculation about the anelastic or viscoelastic nature of the
mechanisms producing the high-temperature background is an-
swerable experimentally through the use of quasi-static experi-
ments.

3.3 Quasi-Static Test (Creep Test) of Annealed
NiCoCrAlY Coating

Figure 5(a-c), shows the creep test for annealed NiCoCrAlY
coating for four different stress levels (1.5, 15, 30, 60, and 120
MPa) at temperatures of 750, 800, and 850 °C. The strain versus
time curves illustrate that during the initial creep test, the sam-
ple’s strain increased almost instantly and was followed by a
constant strain rate region with no indication of reaching a limit.
After the load was removed, the sample responded instanta-
neously with a very sharp drop in strain value. A decreasing
trend in the strain value again follows this change. However, the
strain does not reach the original zero deflection position even
after 60 min. This is strong evidence that a diffusion mechanism
is not fully responsible for the increasing high temperature back-
ground. Instead, a viscoelastic behavior is observed for the an-
nealed NiCoCrAlY coating.

4. Discussion

A review of the literature shows that there are a couple of
mechanisms that can possibly be influencing the damping be-

Table 2 Grain Size Characterization of � Phase

Phase Area Ratio = Areaphase/Areatotal Size Distribution

� 45.24 ± 5.25% 4.86 ± 3.19 µm

Fig. 3 Pore size distribution of annealed NiCoCrAlY coating by mer-
cury-intrusion porosimetry

Fig. 4 The dynamic mechanical properties of an annealed NiCoCrAlY coating. The dynamic storage modulus is a measure of the material’s ability
to store energy and is commonly used for an indication of interatomic potential. Damping is one of the most sensitive measures of atomic motion, and
is particularly suitable for the evaluation of structural relaxation activated by the thermal process. Tan � is the damping factor.
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havior of the NiCoCrAlY coating. The crystallographic defects
that influence damping mechanisms and are important in metals
and alloys include point defects (vacancies and interstitial), line
defects (dislocations), surface defects (grain boundaries and in-
terfaces) and bulk defects (micropores and microcracks). In
plasma sprayed coatings, point defect damping is essentially
small relative to other sources of damping, and therefore is ex-
cluded.[5,6] The following discussion will address the experi-
mental results and its relation to the damping mechanisms op-
erative in the NiCoCrAlY bond coatings.

4.1 Dislocation Damping Mechanism

In typical plasma sprayed NiCoCrAlY coatings, there are
many small regions of oxide stringers being formed during the
plasma spraying process. The thermal coefficients of expansion
(CTE) of these flake-like oxide stringers are different from the
NiCoCrAlY matrix. The difference between the CTE values is
likely to result in increased dislocation density at the interfaces
during cooling and solidification of plasma spray coatings.

Material damping is related to dislocations by the following
equation:

Q − 1 =
C1

�0
exp � −

C2

�0
� ( Eq 2)

where Q−1 is the dislocation damping and C1 and C2 are material
constants; C1 is proportional to dislocation density in the ma-
trix.[7-10] Figure 6(a-d) show the plots of log (Q−1�0) versus 1/�0

for the four temperatures ranging from 400-700 °C. It is ob-
served that at in the 1/�0 range of 3700-4500, the plot is a straight
line. This lends support to the presence of a damping mechanism
by dislocation. There is, however, deviation in this relationship
at low 1/�0 values, indicating that other mechanisms are coun-
teracting this relationship.

4.2 Grain Boundary Damping Mechanism

Damping mechanism by grain boundary relaxation, anelas-
ticity, or viscoelasticity in polycrystalline metals or alloys has
been studied extensively by Ke[11] and Zener.[12] In polycrystal-
line alloys, the viscous sliding could occur between two adjacent
crystals. According to Zener’s prediction, the shear stress that
initially acts across a boundary is gradually reduced through vis-
cous slip while the grains corners sustain more and more of the
total shearing force. The energy absorbed at grain boundaries is
dependent on the magnitude of the shear stress and the grain
boundary area per unit volume, i.e., grain size. To evaluate the
effect of grain size on the level of damping, the damping factor
of as-spray and annealed coatings was plotted against tempera-
ture (Fig. 7). The as-sprayed coating consists of partial amor-
phous and nanocrystalline grain in direct contrast to the annealed
NiCoCrAlY sample (having a grain size ≈ 4.86 ± 3.19 µm). The
reason for the selection of these two samples for comparison is
obvious when one remembers the increase in grain boundary
area with a decrease of grain size. Therefore, one would expect
the total grain boundary surface area of as-sprayed coatings to be
larger than that of large grain size annealed coatings.

From Fig. 7, it can be observed that the damping factor of the
as-sprayed NiCoCrAlY coating is higher than that of the an-

nealed coating. This is strong evidence for the increase of damp-
ing factor with decreasing grain size or increasing grain bound-
ary area. The grain boundary damping mechanism was prevalent
until about 750 °C, when the two damping curves merged. This
demonstrated that another mechanism is dominating the pro-
cess.

4.3 Interface Damping Mechanism

The plasma sprayed NiCoCrAlY bond coat contains a
weakly bonded interface between oxide stringer and NiCo-
CrAlY matrix layers.[13] The weakly bonded interface may be
inferred not only from the SEM image as shown in Fig. 3, but

Fig. 5 (a) Creep test results at 750 °C. (b) Creep test results at 800 °C.
(c) Creep test results at 850 °C
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also from the mercury intrusion porosimeter measurement (Fig.
5) showing micropores at the interface between lamellae. Even
in regions of the oxide stringer/NiCoCrAlY matrix interface
where there is no porosity present, interfacial bonding is likely to
be weak because of the layered surface structure that is present in

the flake oxide stringers. This is in agreement with other re-
ported observations on lamella interfaces.[14-16] As the tempera-
ture increases, the interface effect becomes significant because
the NiCoCrAlY matrix softens relative to the Al2O3 oxide
stringers and a reversible movement at the interfaces is likely to
occur. On the basis of these considerations, interfacial slip is
likely to occur at the interfaces when the samples are in the non-
uniform stress state under bending mode.

4.4 Summation of Damping Mechanisms

In consideration of the different damping mechanisms dis-
cussed thus far, it is appropriate to sum all of the damping
sources of plasma sprayed coating as

Tan �Total = tan �diffusion + tan �dislocation

+ tan �grain boundary + tan �interfacial ( Eq 3)

5. Conclusions

The damping capacity of plasma sprayed NiCoCrAlY bond
coat for substrate coating has been shown to exhibit significant
damping gains both at ambient and high temperatures. It is ob-
served that the thermal barrier coating itself can provide a chan-

Fig. 6 (a) Plot of log (Q−1�0) versus 1/�0 at 400 °C. (b) Plot of log (Q−1�0) versus 1/�0 at 500 °C. (c) Plot of log (Q−1�0) versus 1/�0 at 600 °C. (d) Plot
of log (Q−1�0) versus 1/�0 at 700 °C

Fig. 7 Comparison of the damping factor of as-spray and annealed
NiCoCrAlY coatings
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nel for the attenuation of vibration and noise, which is prevalent
in the turbulent environment of a turbine engine.

The damping mechanisms associated with plasma sprayed
coatings can be expressed as a summation of the aforementioned
damping mechanisms. For the temperature range 30-700 °C, the
possible dominant damping mechanisms are diffusion, disloca-
tion damping, and oxide stringer/matrix interface damping. On
the other hand, above 700 °C, grain boundary sliding, interface
sliding friction, and debonding are likely to be responsible for a
large portion of the observed damping.
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