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Abstract

A testing methodology is presented to assess the delamination failure of an yttria stabilized zirconia electron beam physical vapor deposited

(EB-PVD) top-coat as studied for tubular specimens applying short thermal cycles with high heating and cooling rates as well as for oxidation tests

at constant temperature. The influence of maximum temperature and specimen diameter were investigated. Higher maximum temperatures as well

as a smaller specimen diameter resulted in shorter lifetimes. No significant difference was observed between the static and cyclic oxidation tests.

The failure relevant time at elevated temperatures is correlated with the thickness of the thermally growing oxide (TGO) scale developing on the

bond coat. The experimental results can be described using a residual stress based analytical approach. In the model the lifetime is assumed to be

terminated when a critical stress is reached.
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1. Introduction

The direction of gas turbine development for power

generation and aero-engine application aims towards an

increase in efficiency. Materials development is focused on

the turbine blades and vanes, especially of the first turbine

stage. These components must withstand in addition to

mechanical loads also high temperature exposure and oxidizing

environments. Due to the required mechanical properties, e.g.

high strength up to 1000 8C and resistance against high

temperature inelastic deformation, nickel-based super alloys

are widely used as structural base material in this turbine part.

In order to protect the base material against high temperature

oxidation, two types of metallic coatings are usually applied,

which are known to form dense protective oxide scales: (i)

aluminides or Pt-modified aluminide coatings normally applied

by pack cementation or chemical vapor deposition (CVD) [1]

and (ii) NiCoCrAlY, CoCrAlY, NiCrAlY—layers are normally

coated by vacuum plasma spraying (VPS), low pressure plasma

spraying (LPPS) [2] or high velocity oxyfuel spraying (HVOF)
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[3]. On top of this protection layer the ceramic thermal barrier

coating (TBC) is deposited. Yttria stabilized zirconia as

standard TBC material is conventionally applied either by

electron beam physical vapor deposition (EB-PVD) [4] or by

air plasma spraying (APS) [5]. In combination with internal

component cooling the TBCs develop a thermal gradient which

protects the metals beneath and ultimately increases the

efficiency of the gas turbine.

Thermal barrier coating systems are currently not operated

in closely to the limits of their mechanical integrity since the

possible failure mechanisms are not yet fully understood and

thus the temperature dependent lifetime of the coating system

cannot be predicted with sufficient reliability. However, the

demand for higher efficiency of gas turbines requires a

predictability of the TBC failure that terminates the lifetime.

Among the parameters which have impact on the failure are

residual stresses due to the deposition process of the coatings,

thermal stresses due to the difference in thermal expansion

coefficients between metallic substrate/bond coat and ceramic

top-coat and residual stresses due to the bond coat oxidation

processess, e.g. thermally grown oxide (TGO) formation [6].

Tensile stresses can cause cracks to nucleate and propagate as

the system experiences thermal cycling [6–10]. Eventually, the

cracks might coalesce causing the TBC to buckle and
d.
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eventually to spall [6,8,11,12]. Furthermore, in service also the

applied mechanical loads contribute to the stress state.

Although many factors control TBC failure, thermally grown

oxide (TGO) development and subsequent thickening is

generally considered to be most important [13].

Very detailed investigations have been carried out for

systems comprising EB-PVD thermal barrier coatings [6–9,14–

20]. Depending on the bond coat composition the TGO

develops either displacement instabilities associated with the

elongation of the TGO since it deforms into the relative soft

bond coat yielding cracks form in the TBC above the intrusion

[12,16] or the TGO develops thickness heterogeneities (often

referred to as ‘‘pegs’’), which contain oxides other than

alumina, e.g. yttrium aluminum garnet (YAG) [17,21].

Contrary to the Pt–aluminide system, for NiCoCrAlY bond

coats delamination occurs primarily along the interface

between the TGO and the bond coat [18–21]. The cracks

extend through the TGO only at the ‘‘pegs’’ locations and do

not enter into the TBC layer. In contrast to the Pt–aluminide

system, the durability of the NiCoCrAlY system appears to be

invariant of the cycle time [18], the TGO thickness at failure is

essentially the same under cyclic and isothermal conditions.

Approaches to predict the limit of mechanical integrity of

the TBCs have generally concentrated on models based on

empirical/phenomenological fatigue life relationships. The

lifetime of the TBC is correlated with the accumulated damage

due to mechanical straining and oxidation [22]. It has been

argued that slow sub-critical growth determines the lifetime in

TBC systems. However, the conditions under which this could

occur have received only limited attention [23].

In the literature, several approaches for stress analysis and

lifetime prediction of TBC systems are reported [24–28].

Qualitative strategies for the optimization of TBC systems might

be based on the results obtained using finite element (FEM)

simulations. Based on global fracture mechanics data of the EB-

PVD TBC and the TBC/BC interface, Evans et al. developed a

systematic mapping of the influence of thickness and stiffness [6]

as well as of thermal gradients [29] on the failure mode and

lifetime. A model based on thermal misfit strains and TGO

growth strain based model was developed within a NASA project

[30]. Oechsner [31] proposed a lifetime prediction method based

on a combination of fracture mechanics and micromechanics.

Renusch et al. [32] developed a two step model based on a critical

strain approach that takes into account subsequent delamination

and segmentation cracking of plasma-sprayed TBCs. Busso et al.

[23] predicted the lifetime of EB-PVD TBCs using stress

analyses by elastic–viscoplastic FEM, statistical approaches

describing the TBC/bond coat interface morphology and TGO

growth combined with damage accumulation based on experi-

mental delamination crack propagation data. A recently

developed semi-empirical model for cyclic oxidation correlates

the initial crack growth with the TGO thickness development and

calculates the subsequent propagation of longer crack using a

fracture mechanics approach [33].

The present work develops a simplified analytical lifetime

model for EB-PVD and furthermore extends TBC failure

prediction to coatings on curved specimens. First, experimental
results are presented which have been obtained from fast

thermal cycle and static oxidation tests with tubular specimens.

Then a model is derived which describes the measured lifetimes

as a function of maximum temperature and surface curvature

including reasonable physical assumptions about the tempera-

ture and time dependent TGO growth. Microstructural

verification was not possible due to proprietary interests of

the coatings supplier.

2. Experimental procedure

2.1. Materials

Tubular specimens of the Ni-base super alloy CMSX-4

substrate coated on the outer surface of the cylindrical

specimens with a proprietary Pt-based bond coat (10 mm)

and yttria stabilized zirconia as top coat (150 mm) were

provided by Rolls Royce Deutschland, Berlin. Three different

diameters (6, 12 and 19 mm) of the tubular multilayer

specimens had been supplied. All specimens had a substrate

thickness of �1 mm and a length of 30 mm.

2.2. Oxidation experiments

Isothermal (33 specimens) and short-cycle oxidation (19

specimens) was carried out with a specially designed heating

and cooling set-up. No additional temperature gradient was

applied during the annealing at elevated temperature. The

system comprised as main components a vertically movable

furnace (XERION, Freiberg, Germany) with an internal

specimen tray and a stationary vertical quartz tube with a

stage for single specimen positioning (Fig. 1). For cyclic

oxidation the specimen was mounted and fixed in the stage on

top of the quartz tube. The set-up allowed rapid internal air-

cooling that was applied in the case of the cyclic tests. In

addition, during the cooling sequences of the cyclic tests the

surface of the EB-PVD top coat could be observed using a long

distance microscope system (Questar, QM 100, USA). The

specimens temperature was controlled by a thermocouple,

welded to the CMSX-4 substrate of the tubes.

The samples were annealed up to different maximum

temperatures between 1030 � Tmax � 1130 8C in laboratory

air. Each specimen was annealed separately; hence failure

detection was possible for thermally cycled and isothermally

annealed specimens. In case of the cyclic oxidation, fast

heating/cooling sequences (up to 15 K/s, approximately 2 min

for heating to maximum temperature and cooling, respectively)

were applied with 5 min dwell-time at Tmax (Fig. 2). In the

cyclic oxidation tests the time to TBC failure could be

determined with the accuracy of one cycle. In the case of the

isothermal tests the heating rate was 20 K/min, the cooling to

RT took place within approximately 5 min after the specimens

were taken out of the furnace. During isothermal oxidation

interrupted tests helped to approach the limit of mechanical

integrity by visual inspection (see below). The lifetime of the

TBC system was defined in both cases as the time accumulated

at high temperature before the failure. Due to proprietary



[()TD$FIG]

Fig. 1. Combined static and cyclic oxidation tests with tubular specimens.
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restrictions only normalized lifetimes are given in the following

sections.

The end of the mechanical integrity was derived by a

combination of different methods. Parts of the results were

obtained from interrupted tests with a visual inspection at room

temperature. For example, a specimen with a diameter of 6 mm

was oxidized at 1030 8C and showed no evidence of failure

after different times, except the last step where complete

delamination occurred. Defining the accumulated time at high

temperatures as failure time the other examinations could be

attributed to 61, 80 and 93% of the lifetime. Alternatively,

different samples of identical size were exposed to different

pre-defined times and temperature and the difference in time

between surviving and delaminating TBCs was used to extract a

minimum lifetime. In some cases preferentially with specimens

of 19 mm diameter, the oxidation time was not long enough to

cause TBC failure. Thus, the longest exposure time was used as

a conservative estimate of the lifetime.

In cyclic oxidation tests the time to TBC failure could be

determined in principle within the accuracy of one cycle.

However, also some delayed failure at RT was observed where

the minimum waiting time was approximately 20 h. Besides

this possible reduction in cyclic lifetime again a conservative

estimate had to be used when specimens did not reveal TBC
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Fig. 2. Temperature scheme in cyclic oxidation tests.
failure within the experimental time available for cyclic

oxidation at lower maximum temperatures.

3. Results and discussion

3.1. Isothermal oxidation

Although the number of specimens was limited the outlined

approach turned out to give a good description of the effect of

the specimen geometry and time at elevated temperature on the

lifetime. The analysis was further complicated by slow crack

growth at RT.

Typical specimens of different diameter, all oxidized

isothermally at 1100 8C are shown in Fig. 3. Immediately after

removal from the furnace a lateral macro-crack could be

observed near the rim of the TBC on the 6 mm specimen. This

crack continued to grow parallel to the specimen axis and,

already after 7 min the TBC was completely delaminated. In the

12 mm specimen a visible initial macroscopic delamination of

the ceramic top coat was detected after approximately 30 min at

RT, whereas the 19 mm sample revealed a first delamination of

the TBC after 7 h. Longer exposures at RT resulted only in minor

progress of the delamination. Fig. 3 shows macro-pictures of the

three specimens after 70 h at RT in air.

The time of delayed macroscopic failure at RT was not

incorporated into the analysis to simplify the lifetime parameter

[()TD$FIG]

Fig. 3. Delamination of EB-PVD coatings. Spallation pattern after isothermal

oxidation at 1100 8C.
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Fig. 4. Normalized lifetime of EB-PVD coated tubular samples in isothermal

oxidation and cyclic oxidation tests.
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determination. In Fig. 4 only the time at maximum temperature

before the failure at RT is plotted. Note that the lifetime is

normalized. The isothermal oxidation data consider the

different maximum temperatures and the three tube diameters.

It can be seen that the lifetime of the TBC system strongly

depends on the maximum exposure temperature. Comparing

for example tubes of 12 mm diameter, the 1130 8C specimen

has a lifetime, which is more than an order of magnitude shorter

than the lifetime of the specimen exposed at 1050 8C. There is

in addition a clear dependence of the lifetime on the specimen

diameter. A smaller tube diameter results in decrease of the

lifetime by more than a factor of two for a maximum

temperature of 1050 8C.

3.2. Cyclic oxidation

The first visible macroscopic delamination of the ceramic

coating was in almost all cases observed at room temperature.

Again a delayed failure was observed, qualitatively correlated

with the specimen diameter. A larger diameter caused a longer

delay. In order to monitor the failure delay time at RT, the

specimens were fixed on the mounting stage of the quartz tube.

This eliminates possible mechanical damage due to handling.

Considering the uncertain location of the first failure, 3608
coverage of the specimen surface was achieved by using two

inclined mirrors behind the specimen. A digital camera system

recorded all visible changes on the coating surface.

The lifetime of the EB-PVD specimens exposed to cyclic

oxidation is also displayed in Fig. 4 as a function of maximum

temperature and different diameter. Again a clear dependence

of the time-to-failure on the specimen geometry, e.g. specimen

diameter, as well as on the maximal temperature is given. The

TBC on the tubes with the smallest diameter (6 mm) failed first

and furthermore, the shortest lifetime was observed for the

specimens exposed to the highest temperature (1130 8C).

3.3. Comparison of isothermal and cyclic oxidation results

A comparison of the cyclic and static oxidation results in

Fig. 4 reveals that the applied short oxidation cycles have

neither a significant nor a negative influence on the EB-PVD
lifetime. If at all, time at temperature for the chosen short cycle

condition appears to be slightly longer before macroscopic

delamination occurs. Also the pronounced influence of

specimen diameter on the lifetime is similar in both cases.

3.4. Lifetime prediction

The subsequent model describes the macroscopic lifetime

results based on a simplified analytical relationship, which

neglects the observed ‘‘desktop’’ effect leading to the delayed

TBC delamination at RT. Due to proprietary reasons, details on

the microstructural failure mechanisms did not enter into the

approach. However, the basic correlation of TBC delamination

with TGO development, which has been implemented in most

TBC failure models, is included.

The model starts with the assumption that TBC failure

(radial fracture, delamination) occurs, when the critical radial

stress intensity (Kradial) is exceeded at the TGO/bond coat

interface. In the absence of additionally applied radial stresses

only the thermal mismatch and oxidation induced stresses

contribute to the stress intensity. Since complementary

fluorescence spectroscopic investigations of the lateral mis-

match stresses did not reveal major changes in TGO stress

versus exposure time [34], the modeling approach was further

simplified considering only the development of the radial

residual stress intensity (Kres). If furthermore, and following the

same argument, interfacial crack growth [35] is neglected as a

parameter which influences Kres before the ultimate TBC

delamination, the modeling approach reduces to an evaluation

of the residual radial stress (sradial
res ).

The radial stress of the multilayer thermal barrier system is

generally a function of different thermo-mechanical properties

and geometrical features (e.g. thermal expansion coefficients

ai, Younǵs moduli Ei, thickness of the layers di, radius of tube

curvature rm and temperature) [36,37]. Note that due to high

temperature stress relaxation the ductile-to-brittle transition

temperature DTDBTT�RT needs to be considered:

sradial
c ¼ f ðdi;Ei;ai; dTGO; 1=rm;DTDBTT�RTÞ (1)

Index i refers to the layers of the TBC system. The thickness

of the thermally grown oxide dTGO changes with time.

Considering simulations results [38] the residual stress in the

interface appears to increase rather linear with TGO thickness

after an initial non-linear increase for small TGO thicknesses.

In relationship (1) the parameters which do not significantly

change during the oxidation tests can be joined to a constant

parameter A to obtain a simplified equation leaving only TGO

thickness and specimen radius as variables:

sradial
c ¼ A � d

TGO
c

rm
(2)

The growth of the TGO thickness can be expressed by:

dTGO
c ¼ k � tn ¼ C � exp � Q

RT

� �
� tn (3)
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Fig. 5. Lifetime of EB-PVD TBCs as a function of temperature and specimen

radius.
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where t is the oxidation time, k – the oxidation rate constant, n –

the oxidation rate exponent [39], Q – the activation energy of

the TGO growth, R – the universal gas constant and C a pre-

factor. Yielding for the critical radial stress:

sradial
c ¼ A � r�m � C � exp � Q

RT

� �
� tn (4)

Note that for the same critical stress and a constant tube

radius the TGO thickness at failure should be identical for

different maximum oxidation temperatures since the tempera-

ture dependence of the critical failure stress can be neglected.

Eq. (4) allows a straight forward comparison with the

experimental results obtained from the oxidation experiments.

Logarithmic notation and re-arrangement with respect to the

(accumulated) oxidation time yields:

ln t ¼ Q

n � R �
1

T
þ m

n
ln r þ 1

n
ðln sradial

c � ln C � ln AÞ (5)

In case of TBC failure the parameter t provides a direct

measure of the lifetime. Note that for the specimens with the

same geometry, i.e. radius, a shorter lifetime is expected at

higher oxidation temperatures. To examine the validity of the

present analytical approach it is important to describe all results

with a single set of parameters. The use of Eq. (5) is supported

by the fact that the pressure perpendicular to a coatings

interface for tubular specimens scales linear with the specimen

radius in a log–log representation [40].

In graphical representations of Eq. (5) the experimentally

determined lifetime of the TBC can be plotted either as a
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function of inverse temperature or specimen radius (Fig. 5). The

slope in the ln t � 1/T diagram is Q/(n�R), if the third term in

Eq. (5) is constant. Similarly at a given maximum temperature

the specimens with smaller radius should have a shorter

lifetime. The lower the oxidation temperature the longer is the

expected lifetime. The slope of ln t � ln r curves permits a

determination of the ratio m/n.

The experimental results obtained from the isothermal and

cyclic oxidation tests of the EB-PVD coated tubular specimens

are plotted in Fig. 6. The data can be described by the derived

relationship. The plot reveals no major difference between the

isothermal and the cyclic oxidation tests. The slope in the ln

t � 1/T plot is approximately the same for the specimens with

different tube radius. From the slope the pre-factor of the

temperature term is determined as Q/(n � R) � 53, 300.

The activation energy Q for TGO growth, calculated from an

Arrhenius plot of the parabolic growth constants, is reported to

be 139 kJ/mol [41]. Thus a TGO growth exponent of n � 0.3

can be estimated for specimens with the same radius, a

reasonable value for an alumina TGO scale.

Fig. 7 shows the dependence of the lifetime on the tube

radius for both isothermal and cyclic oxidation experiments.

Again, no significant difference is observed between the

isothermal and cyclic loading modes. The experimental data
0.780.770.760.754

e  1000 [1/K]

  6 mm iso
  6 mm cylic
 12 mm iso
 12 mm cyclic
 19 mm iso
 19 mm cyclic

cimens as a function of inverse temperature.
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can be fitted to curves which have approximately the same

slope: m/n � 0.67. Using the above determined TGO growth

exponent of n � 0.3 the contribution of the specimen radius to

lifetime follows a power law with the exponent m � 0.2.

4. Conclusions

Higher maximum temperatures as well as a smaller

specimen diameter resulted in shorter lifetimes. No significant

difference was observed between the static and cyclic oxidation

tests. The failure relevant time at elevated temperatures is

correlates with the TGO thickness. In a logarithmic representa-

tion the lifetimes appears to be linear proportional to the inverse

temperature and the specimen diameter. The lifetime results,

obtained from isothermal and cyclic oxidation experiments of

the EB-PVD TBC specimens with different geometry and

various maximum oxidation temperatures were successfully

described using an analytical model, based on a critical radial

stress concept. In the model the lifetime is assumed to be

terminated when a critical stress is reached.

Although the experimental results are limited for TBC

coatings of a thickness of 150 mm on CMSX-4 substrates they

provide a good basis for the understanding of the effect of the

curvature on the delamination failure during isothermal and

cyclic oxidation. Future development should aim at a

consideration of slow crack growth at RT and extending the

lifetime description to consider statistical effects. From a

practical point of view the model permits a consideration of the

local curvature variations of blades and vanes. An analytical

basis is given to extent lifetime prediction towards decreasing

temperature and curvature.
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