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Thedelamination crack growth in a plasma sprayedZrO2 thermal barrier coating systemduring thermal cyclingwas
analysed by thermography. A simplifiedmodel systemwas used where a Fe–Cr–Al–Y alloy (Fecralloy Eisen-Chrom
™) substrate with relative low yield stress and creep strength simulates the bond coat. The delamination crack area
wasmeasured as a function of cycle number and the growthmechanismswere observed and quantified by infrared
pulse thermography. Based on this, an empirical model was created to describe the delamination crack growth. In
contrast to most of the usual models, the present model calculates delamination crack area (instead of length), ac-
counts for formation ofmultiple cracks (instead of one), for crack initiation at different times (instead simultaneous
initiation), for the positions of the cracks on the sample and to each other as well as for the statistic spatial distribu-
tion of the crack initiation sites. The key features of delamination crack growth are met properly by the model ap-
proach. Althoughonly one set of parameterswasused, themodel captures temporal discontinuities of the crack area
increase and therefore scatter of delaminated area at a given time.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Thermal barrier coatings (TBCs) are applied on gas turbine compo-
nents, especially blades and vanes in the first turbine stages made of
Ni-superalloy, to protect them from heat and corrosion. The TBC consists
of partially Y2O3 stabilised ZrO2 (P-YSZ) deposited by air plasma spraying
(APS) or electron beam physical vapour deposition (EBPVD). A Ni(Co)
CrAlY bondcoat (BC) under the TBC ensures sufficient adhesion to the
substrate and protects the substrate from oxidation by forming a dense
Al2O3 scale (thermally grown oxide — TGO). In case of plasma sprayed
TBC systems, the BC is additionally roughened by sand blasting to ensure
mechanical bonding of the TBC. The BC is usually deposited by vacuum
plasma spraying (VPS) [1–3].

During operation of the turbine stresses arise in the coating system,
caused by thermal expansionmismatch of its components during heating
and cooling, by sintering of the TBC as well as by the orthogonal and lat-
eral TGO growth at high temperature [4–8]. As soon as these stresses,
which are partially accommodated by creep processes, exceed a critical
value, cracks form, mainly in the TBC–BC interface. Their coalescence
finally leads to delamination and spallation of the TBC.

To prevent subsequent damage by spalled TBC, the coated parts
have to be revised in certain intervals before spallation becomes proba-
ble. Therefore, reliable life prediction models need to be developed. For
example Miller, DeMasi and others created empirical formulas, which
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correlate the cycles to failure with the inelastic strain range of the
TBC-system and the oxide growth [9,10]. Other authors created
models using fracture mechanics approaches where the system is re-
duced to 2 dimensions: Hutchinson et al. proposed models which
deal with delamination crack growth and TBC-buckling at ideally
flat TBC–BC-interfaces [11]. Beck, Vaßen, Traeger, Aktaa and others
created models calculating crack initiation and subsequent crack
growth at rough TBC–BC-interfaces by fracture mechanics [12–15].
Stresses are determined analytically by physics-based or empirical
functions or by finite elementmethod (FEM). Crack growth is assumed
to be proportional to the TGO-thickness (in the initiation phase) or calcu-
lated as a function of energy release rate G or stress intensity factor K.
Seiler, Bialas and others simulated crack propagation at a rough TBC–
BC-interface by FEM also using the energy release rate G [16,17]. To
limit calculation complexity in the models of Beck, Vaßen, Traeger,
Aktaa, Bialas and Seiler a periodic interface roughness is assumed.
Those models are restricted to the simulation of only one crack or of si-
multaneous crack initiation and growth at every roughness period and
to calculation of crack length in a 2-dimensional configuration. FEM-
simulations of Bäker, Bednarz, Busso, Aktaa and others showed that
the stress level at a single roughness peak strongly depends on the am-
plitude and shape of the roughness profile [5,6,13,18]. Therefore, in real
TBC-systems with stochastic roughness distribution, the critical stress
for crack nucleation is reached at different roughness peaks at different
times. This suggests a progressive nucleation and growth of delami-
nation zones in real systems, which has been proved experimentally
in [19]. Hille [20,21] and Busso [18] published models which account
for the initiation of multiple cracks at different times. Hille made
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Fig. 1. a) Thermography image of one sample side with yellow zones (the sample size
is given by a dashed line, the red border represents the background that is the table on
which the samples were placed, the yellow zones are indicated by black circles) and b)
cross section through one of these yellow zones.
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FEM-simulations of stresses in TBC-systems with a rough TBC–BC-inter-
face (taking into account the TGO-growth as well as visco-plastic behav-
iour of the BC) and simulated crack nucleation and propagation using
cohesive zone elements. Busso correlated measured total TBC damage
as a function of accumulated time at high temperature with measured
TBC–BC-interface roughness depth distribution. However, Hille's and
Busso's models do not account for the statistic spatial distribution of the
crack initiation sites over the sample surface.

In the present study TBC-coated samples were thermally cycled and
the delamination crack growth was observed by thermography. The
delaminated area was measured as a function of thermal cycle number
and the formation and growth kinetics of delamination crackswere quan-
tified by thermography. Based on this, an empirical model was created to
describe the delamination crack growth. This model is not based on frac-
turemechanics, but it calculates – in contrast to othermodels – crack area
(instead of length), accounts for formation of multiple delamination
cracks (instead of one), for crack initiation at different times (instead
simultaneous initiation), for the positions of the cracks on the sam-
ple and to each other as well as for the statistical spatial distribution
of the crack initiation sites.

2. Test material and experimental procedure

A simplified model TBC system was produced: to exclude the influ-
ence of thermal mismatch and interdiffusion between Ni-superalloy
and bond coat, the iron base alloy “Fecralloy Eisen-Chrom”, which has
similar oxidation kinetics and thermal expansion coefficient as typi-
cal bondcoat alloys, was used as substrate. However, Fecralloy has
a lower yield stress and creep strength than usual Ni(Co)CrAlY-
bondcoats [22–24]. Fecralloy was delivered by GoodFellow as rod
with 74.0 wt.% Fe, 4.84 wt.% Al, 21.8 wt.% Cr and b0.005 wt.% Y.

Cylindrical specimens with a length of 30 mm and a diameter of
9 mm were produced by turning. The substrates were roughened
by sand blasting at Technische Universität Braunschweig, IfW. Final-
ly, an 8% Y2O3 partially stabilised APS–ZrO2–TBC was deposited at
Technische Universität Braunschweig, IfW, with a coating thickness
of 300 μm and tapered edges.

The samples were thermally cycled by moving them automatically
into and out of a tube furnace. The minimum and maximum tempera-
tures were 60 °C and 1050 °C, respectively. The dwell time at maximum
temperature was 2 h and the heating and cooling time 13.3 min, each.
Further details of the specimen preparation and thermal cycling are
given in [19].

The damage evolution was documented by thermography. There-
fore, the sampleswere removed from the furnace in intervals of approx-
imately 9 cycles and cooled to room temperature. An infrared camera
was used (FLIR, ThermaCam2000, quantumwell infraredphotondetector
(QWIP), resolution of 320×240 pixels, spectral range of 8–9 μm, thermal
sensitivity of 20 mK at 30 °C, absolute accuracy of ±1 °C up to 150 °C,
maximum sampling frequency of 50 Hz, objective 20°×15°/0.3 m,
106 μm close-up lens 34 mm×25 mm/100 mm). A heat pulse with a
duration of 0.01 s was imposed to the samples using two flash light
bulbs directed perpendicular to the longitudinal axis of the test
pieces and arranged at an angle of ±45° with respect to the optical
axis of the infrared camera. The surface temperature of the specimen
reaches a maximum at 0.04 s after the heat pulse and subsequently
decreases. During the temperature increase and the cooling phase,
20 temperature images were made with a sampling frequency of
50 Hz. To enable the comparison ofmeasurementswith different initial
temperature distributions (before the temperature increase), the initial
temperature distribution was subtracted from the temperature distri-
bution in all following thermographic images. Finally the temperature
distributions were normalised, by dividing them by the temperature
distribution at 0.04 s after the heat pulse (where the peak temperatures
were measured). In the delaminated regions the heat flux is decreased,
resulting in increased temperature during cooling compared with the
undelaminated regions. For evaluation of the delaminated zones the
image at 0.08 s after the heat pulse start was used. An effect of micro-
structural changes in the TBC, e.g. inducedby sintering during thermal ex-
posure, on the surface temperature in the undelaminated zones was not
observed. Each sample was analysed from 4 sides by turning the sample
through 90° around its longitudinal axis to obtain data from the whole
surface. Greenish thermography areas represent adherent TBC, yellow
and red zones indicate delamination of the TBC (see Figs. 1 and 2).
Cernuschi et al. [25] state that small, early-stage delamination cracks can-
not be clearly identified by non-destructive evaluation techniques (IR
thermography and other methods). Accordingly, the detection limit of
the thermography analysis conducted in the present studywas evaluated
carefully at metallographic cross sections through the smallest features
indicating delaminations in thermography, proving that delaminations
up from a diameter of 0.7 mm and a TBC lift-off of 2 μm could be clearly
identified by thermography (see Fig. 1).

The delaminated area was measured from the thermographies
using the phase measuring tool of the software analySIS. Therefore
regions with RGB colour space coordinates of R=255, G=0–255
and B=0–255 were defined as delaminated zones and adherent other-
wise. Although the substrate roughness depth was varied by sand
blasting with four different grain sizes (0–50, 60–120, 150–250 and
355–600 μm) and some samples were pre-oxidised at 1050 °C for
220 h in air (resulting in an initial TGO thickness of averaged 2.4 μm)
this had no significant influence on the damage evolution [19]. There-
fore, these results will be considered to be equivalent in the following
sections.
3. Results and discussion

3.1. Thermography

The total delamination crack area on one single sample side was
measured from the thermographies as a function of cycle number for
all samples. The delamination area usually increases relatively slowly
with increasing cycle number. In some cases discontinuities are ob-
served where the growth rate is temporally higher, resulting in a rela-
tive strong scatter of delaminated area at a given time. However, the
fundamental damage evolution process observed by thermography is
similar for all specimens. A typical series of thermography images is
shown in Fig. 2. There is an incubation time during which no delamina-
tions are detected in the thermography images. Afterwards, circular de-
laminations with an average diameter of 0.7 mm occur, which we call
“initial delaminations” (ID). The average ID-diameter corresponds to a
delamination area of 0.38 mm2, which we call initial ID-area A*. During



Fig. 2. Typical thermography image series of one sample side. The sample size is given
by a dashed line. The red border represents the background that is the table on which
the samples were placed. Initial delaminations are indicated by black circles. Note that
circles which lay on continuous delamination strips, indicate initial delaminations
which occurred before the strip formation.
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further cycling the number and size of the IDs increase and they link
together, forming larger delamination blisters which grow further.
New IDs form preferred in the vicinity of existing IDs in the axial direc-
tion of the sample. Thus, a longitudinal “strip-like” delamination area
forms during further thermal cycling. As soon as the delamination
strip enters the tapered edge of the TBC and reaches a certain size, the
delamination becomes visible by lift-off of the TBC at this location. The
macroscopic axial TBC-segmentation crack which finally causes spall-
ation of the TBC typically initiates there.

In order to develop an appropriate modelling approach describing
the delamination crack growth, the damage evolution observed by ther-
mography was studied in more detail and quantified: the incubation
time, whichwe call NIn, i.e. the cycle number after which the first ID oc-
curs,was determined for several tested samples. Themedian incubation
time is 48 cycles (measured at 44 samples, average of 63.8 cycles, stan-
dard deviation of 60.1 cycles). Furthermore, the total number of IDswas
counted and the size of single IDs (until they link together with other
delaminations) was measured as a function of thermal cycle number
for several samples. Both, the number and the individual size of IDs in-
crease nearly linearly with the cycle number. The ID formation rate
(which we call ΔN) and the ID growth rate (which we call v) were
calculated by linear approximation. The median of the formation
rates is 18 cycles (measured at 10 samples, average of 18.3 cycles,
standard deviation of 7.0 cycles). The median of the growth rates is
2630 μm2/cycle (measured at 15 samples, average of 3682 μm2/cycle,
standard deviation of 2604 μm2/cycle).

As mentioned above, new IDs form preferred in the vicinity of
existing IDs in axial direction of the sample. To quantify this behaviour,
the “delamination group”was defined as the smallest rectangle on one
thermography image which encloses all delaminations. The size of a
“delamination group” in axial direction of the sample is called “length”
and the size in circumferential direction is called “width”. Length and
widthweremeasured as a function of thermal cycle number at different
samples. The growth rates were determined by linear approximation.
The length of the delamination groups increases 3–9 times faster during
thermal cycling than their width (measured at 3 samples).

3.2. Modelling

Based on the delamination growth mechanisms explained above, a
programme was written using the software Scilab version 5.2.1 to simu-
late the delamination area growth as a function of thermal cycle number
N:Afieldwas definedwith thedimensions of the projected area of the ex-
perimentally tested samples (9 mm×30 mm). Inside this field initial
delaminations (IDs, as defined in Section 3.1) are generated in form of
circles with initial diameters of 0.7 mm (area of A*=0.38 mm2). With
increasing cycle number these IDs grow and coalesce. According to the
experimental findings in Section 3.1 the number of IDs and the area of
single IDs are assumed to increase linearly with increasing thermal cycle
number. A constant incubation time of NIn=48 cycles, a constant ID
formation rate of ΔN=18 cycles and a constant ID growth rate of
v=2630 μm2/cycle was chosen (medians of the determined values —
see Section 3.1). The preferred formation of IDs in the vicinity of the
existing delaminations (see Fig. 2) and the faster growth of the “delam-
ination group” in axial sample direction were included in the model by
restricting the ID-generation to the interior of rectangles whose size in
axial sample direction increase faster than in circumferential direction.
The formation of two delamination groups on the considered surface
area was allowed. The following formalism was used:

1 At cycle NIn and NIn+ΔN the first two circular IDs are generated at
random positions, both with an initial area of A*. These IDs are the
origins of the two possible delamination groups.

2 The growth of a delamination group in axial direction was, according
to the experimental observations, chosen to be 6 times faster than in
circumferential direction (the average of the determined values): in
each step ofΔN cycles two rectangles are created that exactly enclose
the centre points of all IDs within each delamination group. Then
both rectangles are enlarged in axial sample direction by adding 6
times the radius of the largest ID inside the rectangle at both rectan-
gle sides and in the circumferential direction by adding 1 time the
radius.

3 One new ID is generated in steps of ΔN=18 cycles inside one of
these rectangles.

4 Steps 2 and 3 are repeated until the simulation is stopped.

Fig. 3 shows an example of a simulation after different cycle numbers.
The total delaminated areawas determined by calculating the total circle-
area (as a lower margin of the delaminated area) and the total area
surrounded by the rectangles (as upper margin) as a function of thermal
cycle numberwithout double-counting of overlapping. A set of calculated
delamination crack growth curves, representing both, the area sum of the
circles and of the rectangles, is shown in Fig. 4 together with experimen-
tally obtained delamination growth curves. The simulated and experi-
mental data lie in the same range and the most experimental results are

image of Fig.�2


Fig. 3. Simulation of the delamination area growth according to the model after differ-
ent cycle numbers.

Fig. 4. Total delamination crack area on one sample side as a function of cycle number,
experimentally measured and modelled.
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enclosed by the upper and lower margins of the calculated delamination
area. It should be noted that all calculations were performed using the
median values of incubation time, ID formation rate and ID growth rate.
Accordingly, the scatter of the experimental crack growth curves is
reflected in the model only by random choice of the ID positions, first
on the complete sample surface and afterwards within the delamina-
tion groups as well as by subsequent interaction of growing delamina-
tions which in turn depends on the randomly chosen ID positions.
Interestingly this relatively simple model approach also captures
sudden changes of the delamination growth rate observed in most
of the experiments by randomly choosing the ID position and assum-
ing fixed values of incubation time, ID formation and growth rates.
This proves that the key features of delamination growth observed
in the experiments, namely (i) linear ID formation rate, (ii) linear
area growth rate of existing delaminations and (iii) preferred forma-
tion of new IDs in a defined vicinity of existing delaminations, are suf-
ficient to describe the whole TBC degradation process quantitatively.

4. Conclusion and outlook

The delamination crack growth evolution of an APS–P-YSZ–TBC on
Fe–Cr–Al–Y substrate during thermal cycling with 2 h high tempera-
ture dwell at a maximum temperature of 1050 °C was analysed by
thermography (Fig. 2). The delamination crack growth was observed
by infrared pulse thermography and the formation and growth of
delaminated areas was quantified by image analysis. Based on this,
an empirical model was created to describe the increase of delamina-
tion crack area (compare Fig. 3). The model is not based on fracture
mechanics, but it calculates – in contrast to many other models –

crack area (instead of length), account for the formation of multiple
delamination cracks (instead of one) and for crack initiation at differ-
ent times (instead of simultaneous initiation). Additionally, the
model considers the statistical spatial distribution of the crack initia-
tion sites and the positions of the cracks to each other. The following
conclusions can be drawn:

• The model captures the experimentally observed scatter of the
delaminated area vs. time although only one set of parameters (the
medians of the experimental values of incubation time, ID formation
and growth rate and the average ratios of the growth rates of the
delamination groups width and length) is used (Fig. 4).

• The model also captures temporal changes of the delamination
growth rate observed in most of the experiments (Fig. 4).

• The fact that the modelled and experimentally obtained delamina-
tion growth data (including their considerable scatter) agree well
(Fig. 4), indicates that the key features of delamination crack initia-
tion and propagation are met properly by the model approach.

Since the used TBC-system is a model system, the transferability of
the delamination growthmodel to real TBC systemswill be investigated
in future. A second challenge is to connect the model with physical as-
pects like interfacial strength, toughness and roughness, mechanical
stresses and specimen geometry. For example the crack initiation sites
could be determined by calculating the positions of critical stress from
a measured roughness distribution.

image of Fig.�3
image of Fig.�4
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