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bstract

idely used in turbines for propulsion and power generation, thermal barrier coatings (TBCs) increase the efficiency of turbine engines by allowing
hem to work at higher temperatures, due to their thermal insulating properties. Typically TBC systems consist of a metallic bondcoat (BC) and a
eramic topcoat (TC). Previous research has revealed that ceramic TCs possess an amplitude-dependent mechanical behaviour and that they can
e used as damping treatments, due to their good damping properties. The microstructure and the properties of ceramic TCs vary significantly

epending on the employed deposition technique. This work investigates the differences in the mechanical behaviour of yttria-stabilised zirconia
YSZ with 8 wt% yttria) TC deposited by atmospheric plasma spraying (APS) and electron beam-physical vapour deposition (EB-PVD), by means
f tests run with the amplitude dependent damping (ADD) test rig and of scanning electron microscopy (SEM) analysis.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Thermal barrier coatings (TBCs) are used in a wide range
f applications for their thermal insulation properties,1 with
ropulsion and power generation turbines being the most inter-
sting ones. TBCs reduce the substrate’s temperature by means
f their structure: the systems are usually constituted of two
ayers, a metallic bondcoat (BC) to protect the substrate against
xidation and a ceramic topcoat (TC), which actually possesses
he thermal insulating properties. The materials used for the
eramic layer are mainly oxide ceramics, since they possess
ow thermal conductivities, with 8 wt% yttria stabilised zirconia
8YSZ) being the most widely used because it provides the
est performance in high temperature applications.2 Ceramic
oatings can be applied using various deposition techniques,
hich may be divided based on their working principle.
ifferent coating deposition techniques generate very different

icrostructures, although the initial ceramic material might

e the same; this results in different mechanical properties of
he different coatings.3 The two major deposition techniques

∗ Corresponding author. Tel.: +44 114 222 7870; fax: +44 114 222 7890.
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re plasma spraying (PS) and electron beam-physical vapour
eposition (EB-PVD). Recent studies have shown that ceramic
oatings provide sufficient levels of damping to be a valid
lternative to traditional damping treatments.4–6 Moreover,
hese properties are virtually unaltered up to temperatures of
00 ◦C. Since the very first work that introduced the damping
roperties of ceramic coatings,7 it has been shown that PS
eramic coatings possess an amplitude-dependent damping and
tiffness behaviour. The level of damping and the resonance fre-
uency of coated specimens vary with the vibration strain they
ndergo.

The elastic properties of PS ceramic coating have been stud-
ed in various works. Kroupa and Plesek8 have linked these
roperties to the microstructural defects. This has been possible
y reducing the complexity of the porous spaces to four families
f defects, as shown in Fig. 1: larger irregular voids between the
plats of ceramic, small spherical pores inside the splats, “inter-
plat” cracks between the splats and “intrasplat” microcracks
ithin the splats directed perpendicularly the plane of the splats.
he small elastic openings and partial closing of the intersplat

nd intrasplats cracks are considered to be the responsible for the
lastic behaviour of PS ceramic coatings. Patsias and Williams5

escribed other non-linear features of ceramic coatings, over
he above mentioned amplitude dependence. The mechanical

mailto:n.tassini@sheffield.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2006.05.041
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Table 1
List of specimens tested

Reference no. Coating Coating thickness (mm)

S1N25 Uncoated –
S1N11 APS 8YSZ 0.32
S1N14 APS BC and EB-PVD 8YSZ 0.04, 0.28
S1N19 APS BC and APS 8YSZ 0.07, 0.37
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and volume of a sample while the Poisson ratio’s value was taken
from Ref.12 A FE model was created for each specimen using 20-
node quadratic brick elements, reduced integration (C3D20R)

Table 2
Properties of materials used

Material E (GPa) ν ρ (kg/m3)
ig. 1. SEM micrograph showing a cross-section through the microstructure of
n APS-deposited 8YSZ coating.

roperties have been shown to be affected by long-term (or per-
anent) effects and short-term (or “memory”) effects.

. Experimental procedure

.1. Materials characterisation technique

Specimens coated with different coatings types have been
ested at the University of Sheffield in order to elucidate the
ollowing aspects of their non-linear mechanical behaviour: (a)
train amplitude dependence, (b) dependence of the mechanical
roperties on the microstructure and the deposition technique
nd (c) strain history dependence.

The non-linear mechanical behaviour of ceramic coatings
equires a special characterisation procedure, since standard
echniques cannot be used. In the past few years a mixed
xperimental–numerical procedure has been developed at the
niversity of Sheffield for the characterisation of the non-linear
roperties of ceramic coatings. This procedure is built around a
ustom-built test-rig, the amplitude dependent damping (ADD)
est rig,4 and is capable of running tests over a wide range of
train amplitudes.

In the ADD test rig, a specimen covered with a ceramic
oating is clamped at one end and is free to vibrate at the other
nd, while it is excited through the base. Once the excitation
orce is removed the amplitude of vibration decays at a certain
ate and frequency. Through a numerical analysis the damping
atios9 and the resonant frequencies of the coated beam are
btained from the decay.4 These results are subsequently used
n an inverse finite element (FE) routine to estimate the Young’s

odulus and loss factor of the ceramic material of the coating.3

his is possible by implementing an exact FE model of the
oated beam with a variable Young’s modulus for the ceramic
oating material. The model is run iteratively with the same
oundary conditions of the tests, that is one end is clamped and
ne end is free to vibrate (i.e. clamped-free); once the resulting
requency of the beam matches the experimental results, the

oung’s modulus is accepted. The loss factor of the coating’s
aterial is calculated subsequently with a procedure based on

he modal strain energy (MSE) method.10 This procedure is
epeated for every set of experimental results at different strain
evels.

I
A
A
E

ig. 2. Geometry of specimen tested with ADD test rig at the University of
heffield (S1N11, S1N14 and S1N19).

.2. Description of tested materials

The mixed experimental–numerical procedure has been used
o test specimens coated by APS and EB-PVD techniques. The
pecimens used for this work are listed in Table 1 together
ith their coatings configurations. The geometry of specimens

ested at the University of Sheffield is shown in Fig. 2. The
osition and coverage of the coating’s layers in the coated spec-
mens correspond to the areas of uniform strain for the first
exural mode (maximum variation of 12.4%), which has been
sed throughout all the tests with the ADD test rig. This is to
ake into account the strain amplitude dependence of ceramic
oatings, and relate their mechanical properties to the strain
mplitude at the interface substrate and coating. All the speci-
ens were manufactured with Inconel® 625 super alloy (In625),
nickel–chromium–molybdenum alloy with low damping to

educe interference with the damping properties of the ceramic
oatings. In this work the BC material was APS deposited NiC-
CrAlY and was applied only on the EB-PVD ceramic-coated
pecimen (S1N14) since the protection of the substrate from
xidation is optional when APS TCs are applied but becomes
ecessary for EB-PVD ones because of the higher temperatures
nvolved during the deposition procedure. The material selected
or the ceramic coating is 8 wt% yttria-stabilised zirconia, com-
only used for TBCs.2 The properties of the materials used are

iven in Table 2. The values for In625 properties were obtained
uring previous tests on an uncoated specimen in K.U. Leuven,
hile the properties of the BC were obtained from Ref.11 The
ensity of the 8YSZ coating was obtained by measuring mass
n625 201.67 0.307 8370
PS BC (NiCoCrAlY) 137.9 0.27 7800
PS 8YSZ – 0.3 4080
B-PVD 8YSZ – 0.3 4780
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ing levels of vibration in the beams caused an accumulation of
internal damage in the form of microcracks, which was reflected
in an increase of its damping. The microstructure of the dam-
aged reinforced concrete is very similar to that of APS coatings,

Table 3
Order of strain levels applied to specimen S1N19

Day of test Starting strain levels tested (με)

1st 170
2nd 150–260–150
Fig. 3. FE model of specimen S1N11.

ith ABAQUS 6.313; the model for specimens S1N11 is shown
n Fig. 3.

. Results and discussion

The analysis was first applied on experimental results
btained on specimen S1N11 and S1N14, to compare the
oung’s moduli and loss factor for EB-PVD 8YSZ coating
gainst APS 8YSZ: the results are plotted in Fig. 4a and b. As it
s clear from the two plots, both stiffness and damping of the two
oatings are amplitude dependant, with the APS coating demon-
trating stronger dependence on amplitude. Fig. 4a shows that
he EB-PVD coating provides up to 77% higher Young’s mod-
lus than the APS coating, while from Fig. 4b it is clear that the
PS possesses higher damping (up to five times). The differ-

nces can be explained by considering their two very different
icrostructures as results from the SEM analysis done by K.U.
euven: the two structures are compared in Fig. 5. The lower
oung’s modulus of the APS coating can be due to the “free-
om” of the microsplats to move along the flexural direction;
hese movements are minimal in the EB-PVD structure because
nder flexure the ceramic columns on the compression side are in
ontact, which accounts for their higher stiffness. Following the
esults of Kroupa mentioned in Section 2,8 the authors believe
hat the damping in APS coating arises from the sliding of the
urfaces along the defects present in their microstructure. The
ature of the load applied to the specimens tested for this work,
aximise the sliding along these surfaces. This explanation is

lso supported by the fact that since the very first work on the
amping properties of PS coatings,7 the nature of their damp-
ng was considered to be friction between internal surfaces, as
hown experimentally in Ref.14 In EB-PVD coatings the relative
liding between columns due to flexural tests is limited, result-
ng in lower energies dissipated by friction and thus in lower
amping than APS coatings. Specimen S1N19 was tested at dif-
erent starting strain levels during 5 days of tests following the

rder given in Table 3. The test plan was designed to establish
he strain history dependence of the mechanical properties of
eramic coatings. Fig. 6 shows the results for the added damp-
ng (Q−1 factor) due to the coating: the five curves of damping

3
4
5

ig. 4. (a) Young’s modulus and (b) loss factor of APS and EB-PVD 8YSZ
oatings as found with the ADD test rig and FE analysis on specimens S1N11
nd S1N14.

re obtained from decays after the beam has been excited at
he first strain level of each day of testing. These curves have
een obtained by subtracting from the damping of the coated
eam, the damping of the uncoated reference beam (S1N26),
hown with a solid line in Fig. 6. The curves show that the
amping depends on the strain history of the ceramic-coated
eam, in particular the damping increases as the beam is sub-
ected to session of vibrations. This result can be related to a
ork carried out by Van Den Abeele15 concerning the damping
f reinforced concrete beams, where it was found that increas-
rd 150–260–500–260–150
th 150–260–500–850–500–260–150
th 150–260–500–850–500–260–150
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Fig. 5. (a) Backscattered electron (BSE) image of the microstructure of an air plasma sprayed YSZ TBC. As may be seen, both the bondcoat (BC) and topcoat
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TC) have a lot of cavities and internal free surfaces created during the process
apour deposited YSZ TBC. The BC is dense, and the TC shows the characte
feather-like’ appearance.

nd this corroborates the hypothesis that increasing levels of
ibration in the PS coated beams increase the number of micro-
racks in the ceramic, resulting in higher levels of damping.
he fact that the damping in APS coatings reaches a peak and
hen decreases above certain values of strain (vibration levels),
s common for decays at all starting vibration levels and is a fur-
her evidence of the frictional nature of the damping mechanism
f APS coatings.14

ig. 6. Damping obtained for first level of strain in the different sessions of
esting.
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f the TBC. (b) BSE image of the microstructure of an electron beam-physical
‘columnar’ structure of EB-PVD TBCs, where each one of the columns has a

. Conclusions

In this paper the non-linear mechanical behaviour of ceramic
oating has been investigated. Different ceramic coatings
ave been taken in consideration, namely APS and EB-PVD
eposited. The mechanical behaviour of the APS coating has
een studied in greater detail, highlighting its different non-
inearities. The results show that EB-PVD coatings possess
igher Young’s moduli than the APS coating (up to 77% higher),
hile APS shows five times higher damping, and these results
ave been correlated to their very different microstructures by
eans of SEM images. APS coatings have a dependence on the

train amplitude history. Further tests are planned at higher strain
evels and at elevated temperatures, in order to study the mechan-
cal properties as a function of temperature. Further SEM work
s planned for analysing the nature of damage in the coatings
esponsible for the strain history dependence, and further tests
ill be run in order to investigate the strain history dependence
f PVD coatings.
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