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bstract

he indentation creep behavior of a free-standing 7 wt% Y-ZrO2 thermal barrier coating (TBC) prepared by electron beam physical vapor deposition
EB-PVD) has been investigated. The specimens in the form of discs with 5 mm in diameter and 1.2 mm thickness were used for experiments in
he temperature ranging from 1100 to 1300 ◦C and at stresses from 30 to 70 MPa, in air. A flat-ended cylindrical indenter has been used.

The strain–time relationship was recorded, and the creep exponents and activation energies of the creep have been calculated. The creep

icromechanisms have been also studied by means of scanning electron microscopy.
The obtained creep stress exponent varied from 0.05 to 1.12 and the obtained activation energy in the interval from 215 to 329 kJ/mol. The main

reep mechanisms are densification of the sub-layers with fine columnar crystals, bending of crystals and leaning down of sets of crystals.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Thermal barrier coatings (TBCs) were developed for
dvanced gas turbines as insulating materials in order to
aintain a substantial temperature difference between the load

earing alloy and the coating’s surface. Usually they are formed
y yttria stabilized zirconia (YSZ) applied by plasma spraying
P-S) or electron beam physical vapor deposition (EB-PVD).
he challenge in developing new materials for TBCs with
nhanced overall performance lies in the balance between
mproved thermal resistance and diminished durability.1,2

pplying these coatings prolongs the lifetime of the compo-
ents and allows higher turbine inlet temperature which results
n improved efficiency of the system.3

Typically, a thermal protection system consist of four parts:
he zirconia TBC, the super alloy substrate, an aluminum con-
aining bond coat between the substrate and the TBC, and a

hermally grown oxide layer formed between the TBC and the
ond coat. Damage of any of these usually results in damage of
he whole part.4
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For interfacial fracture toughness of TBC systems, indenta-
ion techniques are often used.5,6 Abrasion and adhesion tests are
sed, as the tolerance to impact of foreign objects and studying
he cohesion of substrate and coating are of great importance.7

he erosion rate and the susceptibility to delamination of the
BC system is affected by the plastic response of the top zirco-
ia layer at elevated temperatures.8,9 Recent tests7,10 of different
BC’s revealed susceptibility to heterogeneous deformation and
rack formation in the columnar microstructure.

The creep tests of TBCs were realized by laser sintering and
ilatometry11,12; also indentation/impression technique can be
pplied either to the whole TBC including the metallic sub-
trate, or to a specially prepared system, e.g., a coating layer
n a stiff substrate. Indentation creep has been originally intro-
uced for measuring the viscosity of glasses; later the method
as introduced for other materials.13,14 In this test a cylinder (or

one/sphere) is pressed into the surface of a tested sample at a
onstant load and temperature; the impression depth as a func-
ion of time is registered. The creep curves resulting from these
ests have a short initial transient stage, and then show a con-

tant impression velocity. Comparing to conventional (tensile
r compression) creep tests, the indentation creep test requires
maller samples of the tested material with only one flat surface
djusted perpendicularly to the indentation and provides higher

mailto:jan@fme.vutbr.cz
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train rates.13,14In order to compare the results of impression
reep and those of uniaxial tensile test, the impression velocity,
i, and the load, F, must be converted into equivalent tensile
tress σ and strain rate ε̇, by the following formulae:

= p

k1
, p = 4F

πd2 and ε̇ = νi

k2d
,

here p is the pressure just below the indenter and d is its
iameter, k1 and k2 are material specific constants.1,13,15

It is not possible to realize a high-temperature indentation
reep test of the TBC coating with a super alloy substrate in
eliable way due to the deformation of the substrate. There are
wo possibilities as to how to avoid the deformation of the sub-
trate: to apply the coating to a creep resistant substrate (e.g.,
lumina) or to use a free-standing TBC. Due to the character
f EB-PVD-deposited material, the indentation creep tests have
o be realized with stress applied perpendicular to the plane of
eposition.

The aim of this work is to study the indentation creep behavior
f a free-standing TBC material under different temperatures and
oads in air and to investigate the creep mechanisms and creep
amage under these conditions.

. Experimental material and methods

The tested material was prepared at the DLR Köln, Germany.
o be able to study the creep behavior, a material consisting of
everal consecutive layers of EB-PVD-deposited Y-ZrO2 was
repared for this investigation. The investigated specimens were
ade as free-standing, so there was no substrate present during

he test. The overall thickness of the samples was approximately
.2 mm.

A flat cylindrical indenter with a diameter of 2 mm was used
or the indentation creep tests. Monolithic SiC was used for the
ndenter and specimen support. This material has much higher
reep resistance than that of the EB-PVD-deposited layer, so the
easured values could be assumed to originate only from the

oating’s material (Fig. 1).

The specimens were heated to test temperatures in the range

f 1100–1300 ◦C in air, and then stressed with the selected loads
f 30, 50 and 70 MPa. The load remained unchanged during
he test. Induction sensors connected to an input card in PC

i
a
s
s

ig. 2. (a, b) Non-deformed profile of the specimen—several layers with columnar c
ne, shorter crystals (forming bundles) are visible (b).
Fig. 1. The impression test configuration.

ere used for measuring the immersion of the indenter into the
pecimen with an accuracy of 1 �m.

After the creep test, the load was removed from the speci-
en and the oven was left to cool slowly. The specimens were

hen broken in two parts and both fracture surfaces and polished
ections were studied.

. Results and discussion

.1. Microstructure study of the as-received material

The as-received material consisted of three consecutive layers
f EB-PVD-deposited crystals (Fig. 2a and b). The thickness of
he layers varied between 200 and 500 �m. Each of the layers
onsisted of two sub-layers. The lower sub-layer is formed by
ne crystals, which form sets that have a common point of crystal
ucleation and have a thickness of about 30 �m (Fig. 2b). There

s some porosity inside this sub-layer in the form of cracks with
length of approximately 20 �m between the wider bundles of

mall crystals with a width of approximately 10 �m. Above this
ub-layer of fine crystals another sub-layer of coarse columnar

rystals are visible (a) and detail of the non-deformed profile—the sub-layer of
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ig. 3. Creep curves obtained at 1300 ◦C at stresses of 30, 50 and 70 MPa (a) and

rystals is formed. The coarse crystals form the majority of the
aterial thickness. The angle between the crystals main axis of

ifferent layers is approximately 5–10◦.

.2. Creep results

Indentation depth–time curves for different temperatures are
llustrated in Fig. 3. According to the results, the creep defor-

ation is minimal for temperatures in the interval from 1100 to
200 ◦C and a reasonable deformation takes place only at the
emperatures 1250 ◦C and higher. The strain rate (impression
ate) is changing in the interval from 1.65 × 10−8 mm/s at tem-
erature 1100 ◦C to 2.06 × 10−7 mm/s at 1300 ◦C. The values of
train rates systematically grow with higher temperatures and/or
trains.

The calculated stress exponents are illustrated in Fig. 4.
ccording to the results, the stress exponents are changing in
he interval from 0.05 to 1.12. No influence of applied stress on
train rate was found at the temperature of 1100 ◦C with the cal-
ulated stress exponent of 0.05. At the temperature of 1200 ◦C
he value of stress exponent was found still to be very low (0.42)

Fig. 4. Stress exponents calculated for the investigated temperatures.

l
t
fi
d

F
7

MPa stress at different temperatures (b). Strain rates are noted with the curves.

nd only for 1200 ◦C a value for the stress exponent higher than
was found.
Values of the activation energies (Fig. 5) are also low, varying

n the interval from 215 to 329 kJ/mol. At all applied loads the
ctivation energies are increasing non-linearly with increase of
he testing temperature.

.3. Microstructure study of the crept material

After the creep deformation, the indents could be observed on
he polished sections (Fig. 6) and on the surface of the specimens
Fig. 7A) which remained in one piece in spite of the fact that
ome macrocracks were generated through the specimen.

Three different structural changes were identified in the
eformed specimens. First, the lower part of each layer con-
isting of fine crystals with high porosity was compressed and
he crystals were sintered to form what appears to be a compact

ayer (Figs. 6B and 7B). Fig. 7C and D shows the microstruc-
ure at the transition from the uncompressed porous layer of
ne crystals to the compressed and sintered area and the non-
eformed sub-layer far from the impressed area. This sintering

ig. 5. The activation energy of creep deformation at stresses of 30, 50 and
0 MPa.
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ig. 6. Polished section of the deformed specimen, cracks and densifying of th
ase of the columnar crystals that is being densified (B).

ype of densification mechanism was most evident at the highest
esting temperature. The second mechanism was bending of the
olumnar crystals above the newly sintered layer (Fig. 8). This
ending mechanism takes place more significantly at higher tem-
eratures, but can be found also at 1100 ◦C. Third, the long stiff
rystals, which form the majority of the TBC ceramic layers,
id resist to the load very well, however, being not exactly par-
llel with the applied force, maintaining their individual shape,
hey slip and started to lean down resulting in further overall
eformation of the specimen (Fig. 9).
.4. Discussion

The creep behavior of a polycrystalline ceramics can be
escribed by the following equation:

s
r
t
u
8

ig. 7. Profile of the sub-layer at base of the columnar crystals that is being densifi
ensified and leaned down small crystals (C), and fine crystals in the tested specimen
e sub-layers are clearly visible below the indent (A). Detail of the sub-layer at

˙ = AσnL−p[B]P(O2)m exp

(
− Qc

RT

)
,

here ε̇ is the steady-state creep rate, σ the applied stress, n
he stress exponent, L the grain size, p the grain size exponent,
B] the concentration of the rate-controlling defect, P(O2) the
xygen partial pressure, m the oxygen partial pressure exponent,
c the activation energy for creep, A is a constant, T the absolute

emperature and R is the gas constant.10,16–18

The activation energies and stress exponents obtained in this
tudy are in the intervals of 215–329 kJ/mol and 0.05–1.12,

espectively (Figs. 4 and 5). These values are low compared
o the published values for the conventional zirconia measured
sing classical creep tests (n ∼ 1–2, Q ∼ 460 kJ/mol for sintered
YSZ).7,10,19–24 The activation energy values obtained for the

ed (cracked surface) (A), densified sub-layer (B), transition area with partly
far from the impressed area (D).
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Fig. 8. Bending of the columnar crystals above the densified layer.

nvestigated material are also lower than activation energies for
rain boundary diffusion.10

The creep of P-S TBCs has been investigated by different
ethods. Firestone et al.12 show splat sliding as the main creep
echanism. Also sintering and creep of TBCs under compres-

ive stresses at relatively low temperatures was reported. Zhu
nd Miller11 used dilatometry to investigate the creep of differ-
nt P-S TBCs. Materials with higher chemical and phase stability
howed improved sintering/creep resistance.

The low-stress creep characteristics of the ceramic coat-
ng materials, determined by the dilatometer technique, are
imilar to the creep behavior of P-S TBCs obtained from
igh-temperature mechanical creep tests3,14,22,26 and the laser
intering/creep test.25

Compressive creep test was used on the temperature interval
rom 900 to 1300 ◦C for characterization of the creep behavior of
-S ZrO2 TBCs at stresses between 1.8 and 80 MPa by Thuru el
l.26 Beside the creep deformation, shrinkage of the material was
bserved leading to the change of its elastic properties. We have

o note that due to the significantly different microstructure of the
lasma sprayed ZrO2 and EB-PVD ZrO2 the creep mechanisms
robably are significantly different, too.

ig. 9. Detail of the leaned down long crystals which were nonparallel to the
pplied force.
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Recently Watanabe et al.27 and Chen et al.2 investigated the
lastic deformation of EB-PVD thermal barrier oxides at high
emperatures using impression technique also with stress applied
erpendicularly to the plane of deposition. According to the
esults the penetration depth at the temperature of 1137 ◦C for
he 7 wt%Y2O3 + ZrO2 material at the applied stress of approx-
mately 30 MPa is approximately 60 �m. Although they used

spherical indenter and therefore different deformation was
nduced in the material, some features may be compared with
ur experimental results. At the temperature of 1150 ◦C and load
0 MPa, the penetration depths of the cylinder were approxi-
ately 50 �m.
They also found a zone of deformation and densification

elow the indent at 1137 ◦C, with extreme plastic bending of
rystals in the dense layer. This may be compared to our layers
f bended and densified/sintered crystals.

. Conclusions

Indentation creep tests of free-standing samples of 7-YSZ
B-PVD layers used as TBC topcoats were carried out at tem-
eratures from 1100 to 1300 ◦C and stresses from 30 to 70 MPa,
n air. The values of deformation exponent and activation energy
re lower compared to the published values of the conventional
ulk 8YSZ obtained using tensile creep test. This is most likely
ue to the different microstructure of the EB-PVD coatings in
ontrast to the sintered materials, but probably also due to the
ifferent testing procedure. The values for strain rate and inden-
ation depths can be considered to be in an agreement with values
eported by other authors for similar tests of EB-PVD coatings.
he microstructure analysis of the deformed samples allowed

dentifying three mechanisms that undergo during the indenta-
ion creep test. These include sintering of fine crystals, bending
f bigger columnar crystals and leaning down of columnar crys-
als, which were not parallel to the applied force.
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