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Abstract
Thermomechanical properties of Thermal Barrier Coatings (TBCs) are strongly influenced by coating defects, such

as delaminations and pores, thus making it essential to have a fundamental understanding of microstructure-property
relationships in TBCs to produce a desired coating. Object-Oriented Finite element analysis (OOF) has been shown
previously as an effective tool for evaluating thermal and mechanical material behaviour, as this method is capable of
incorporating the inherent material microstructure as input to the model. In this work, OOF was used to predict
the thermal conductivity and effective Young’s modulus of TBC topcoats. A Design of Experiments (DoE) was
conducted by varying selected parameters for spraying Yttria-Stabilised Zirconia (YSZ) topcoat. The microstructure
was assessed with SEM, and image analysis was used to characterize the porosity content. The relationships between
microstructural features and properties predicted by modelling are discussed. The microstructural features having the
most beneficial effect on properties were sprayed with a different spray gun so as to verify the results obtained from
modelling. Characterisation of the coatings included microstructure evaluation, thermal conductivity and lifetime
measurements. The modelling approach in combination with experiments undertaken in this study was shown to be
an effective way to achieve coatings with optimised thermo-mechanical properties.
Keywords: Thermal barrier coatings, yttria-stabilised zirconia, OOF, microstructure, thermo-mechanical properties

I. Introduction
Development of Thermal Barrier Coatings (TBCs) with

better performance to provide further improvements in
engine efficiency is of great interest 1 – 3. This demands
new coating designs and new coating morphologies, apart
from research in the field of new spray materials. The usu-
al approach to develop new coating designs is to exper-
imentally spray and evaluate new coating morphologies
by changing process parameters, i.e. to empirically de-
rive relationships between process parameters, coating mi-
crostructures and coating properties. The drawbacks in
this approach are that it is time consuming and expensive,
specifically if new coating designs are to be developed 4 – 5.
Deriving microstructure-property correlations by simu-
lation would therefore be an advantage.

The material that is most commonly used as ceramic top-
coat for thermal insulation is Yttria-Stabilised Zirconia
(YSZ) because of its favourable properties, such as low
thermal conductivity, phase stability up to 1200 °C, and
good erosion resistance 6 – 8. The microstructures in YSZ
coatings are highly heterogeneous, consisting of defects
such as pores and cracks of different sizes. The thermal and
mechanical properties of TBCs depend mainly on these
microstructural features present in the topcoat 9 – 12. To
achieve low thermal conductivity and high-strain-tolerant
TBCs with a sufficiently long lifetime, optimization be-
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tween the distribution of pores and cracks is required 8.
Up until the late 1990s, most of the efforts to improve

the performance of TBCs were made with an empirical ap-
proach, i.e. to find adequate spray parameter settings 13.
After that, more emphasis was put on understanding the
fundamental relationships between coating microstruc-
ture and properties, based on both experimental and mod-
elling methods. The over-simplification of porosity de-
scription in the analytical models limits the predictive ca-
pacity and the certainty for the complex interconnected
porous structures 13. Numerical schemes seem to be more
promising in such cases as they involve a material structure
that is close to the real structure.

The objective of this work was to describe a modelling
approach to investigate these fundamental relationships
between microstructure and thermo-mechanical proper-
ties, and obtain an optimised ceramic topcoat microstruc-
ture. The ultimate goal is to enhance the coating perfor-
mance, that is reduced thermal conductivity and enhanced
lifetime, and to reduce the research costs for the devel-
opment of an efficient coating design, thus leading to the
application of plasma-sprayed coatings in new fields. For
this purpose, a Design of Experiments (DoE) was con-
ducted by varying selected spray parameters for spraying
YSZ topcoat and Object-Oriented Finite element analy-
sis (OOF) was used to predict the thermal conductivity
and Young’s modulus of TBC topcoats. Thereafter, the
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Table 1: The L16 Taguchi test matrix.

Exp.
No.

Current
(A)

Argon flow
rate (slpm)

Hydrogen
flow rate (slpm)

Powder feed
rate (g/min)

Torch veloc-
ity (mm/s)

Spraying
angle (deg)

Substrate
Temperature (°C)

Vertical
speed (mm/rev)

1 - - - - + + + +
2 - - - + - - - -
3 + - - - - - + +
4 + - - + + + - -
5 - + - - - + - +
6 - + - + + - + -
7 + + - - + - - +
8 + + - + - + + -
9 - - + - - + + -
10 - - + + + - - +
11 + - + - + - + -
12 + - + + - + - +
13 - + + - + + - -
14 - + + + - - + +
15 + + + - - - - -
16 + + + + + + + +
17 0 0 0 0 0 0 0 0

best coating microstructure obtained from the experimen-
tal design and modelling analysis was fabricated again us-
ing a different spray gun, so as to verify the modelling re-
sults. Thermal conductivity and lifetime of this optimised
coating was measured and compared to the reference coat-
ing sprayed with standard settings before optimisation.

II. Specimen Preparation and Analysis for DoE

(1) Sample production
The topcoat material used in this study was an agglom-

erated sintered ZrO2 – 7 % Y2O3, H.C. Starck Amperit
827 – 864. The bondcoat material was NiCoCrAlY (Prax-
air Ni-171) powder, and it was sprayed on discs with the
dimensions Ø 25.4 x 5 mm made of the nickel-based super-
alloy Hastelloy X. The discs were grit-blasted with Al2O3
60 mesh before being sprayed.

Table 2: Upper and lower level values for the varied spray
parameters shown in Table 1.

Parameters Lower (-) Upper (+)

Current (A) 300 420

Argon (slpm) 23 32

Hydrogen (slpm) 3 5

Powder feed rate (g/min) 40 70

Torch velocity (mm/s) 5 15

Spraying angle (deg) 45 90

Temperature (°C) 100 400

Vertical speed (mm/rev) 4 8

A SM-F 100 Connex gun (Sulzer Metco), which is ca-
pable of spraying on components with internal surfaces,
was used for atmospheric plasma spraying. A Design of

Experiments (DoE) was constructed in the main study in
this work 5, 14. A Taguchi L16 matrix was sprayed with 17
spray settings using eight main process parameters, as de-
scribed in Table 1. Other spray parameters were kept con-
stant for all the experiments. The L16 designation refers
to a two-level orthogonal matrix constituted by 17 tests,
which is extrapolated from a 28 factorial design. In Ta-
ble 1, the (+) and (-) signs stand for upper and lower lev-
els, respectively, of the spraying parameter, while the 17th
test represents the average level of design for each spraying
parameter. The upper and lower level values of the varied
spray parameters are given in Table 2. The coating thick-
ness was kept uniform on all the sprayed samples.

(2) Image acquisition and analysis

The samples were analysed with Scanning Electron Mi-
croscopy (SEM) in the backscattered electron mode. The
field of view was 180 lm x 180 lm. The size of the images
acquired from topcoat was 1024 x 1024 square pixels. The
acceleration voltage used for SEM was 15 kV. An automat-
ed procedure was used for the image analysis to avoid er-
rors caused by operator variations. The images (originally
in grey scale) were first converted into binary format by
means of thresholding; with the matrix represented by the
black and the porosity by the white. Ten images were tak-
en across the cross-section of the coating to represent the
coating microstructure. The microstructural features ob-
tained from the image analysis were (in %) – total porosi-
ty, porosity of globular pores and porosity of cracks. The
porosity of cracks was further divided in “cracks connect-
ed to pores” and “free cracks”. Connected cracks are de-
fined as those cracks that are linked to the globular pores
while free cracks are those that are not in contact with any
of the globular pores, as illustrated in Fig. 1.
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Fig. 1: SEM microstructure image illustrating globular pores, con-
nected cracks and free cracks (the image represents an area of
180 lm x 180 lm).

(3) Modelling using OOF2
OOF is a microstructure-based finite element mo delling

approach that can be used to determine the macroscop-
ic properties from two-dimensional images of real mi-
crostructures 15 – 16. The current version of the code,
OOF2 17, is able to convert digitized images of materi-
al microstructure into a finite element mesh, thus incor-
porating all the microstructural features into the model.
OOF has been successfully implemented in several ap-
plications in the past, apart from computing the thermal
and mechanical properties of TBCs 18 – 22. In this work,
OOF2 was used to predict the thermal conductivity and
Young’s modulus of the topcoats of the sprayed TBCs at
room temperature. The modelling procedure used in this
study is described in the following sections.

(a) Pixel selection
The binary images generated during the image analysis

procedure were used as input to OOF2 for finite element
analysis. In the first step, two pixel groups were generated
in OOF2 on the basis of the colour, to distinguish between
different representative materials. The two constituents
were then assigned material properties. The material inside
the pores and cracks was assumed to be air.

(b) Material model and properties
YSZ coatings have been seen earlier to show non-linear

stress-strain behaviour 23 – 26. The non-linearity seems to
arise owing to the complex microstructure of the coat-
ings. When a load is applied to the coatings, the open-
ing/closing of the cracks and sliding of sprayed lamellae
over each other gives rise to a non-linear response. The
apparent stiffness decreases with increasing tensile stress
as the cracks’ faces open apart, while it increases with in-
creasing compressive stress as the cracks’ faces are closed
together 23. For small deformations, however, the coat-

ings should show linear behaviour. A linear elastic material
model was chosen for both YSZ and air. The bulk material
properties used in the model are given in Table 3. For sim-
plicity, the Poisson’s ratio for YSZ and air were assumed
to be the same in the model.

Table 3: Bulk material properties used in the model.

Material
property

YSZ Pores & Cracks
(Air)

Young’s modulus 200 GPa 18 142 kPa

Poisson’s ratio 0.221 27 0.221
(assumption)

Thermal
conductivity

2.5 W m-1 K-1 18 0.025 W m-1 K-1

(c) Mesh generation
After the material properties had been assigned, a finite

element mesh was generated over the image on the basis
of features and colours present in the image by using an
adaptive meshing routine. During the meshing procedure,
the elements near the material interfaces were refined and
the nodes were moved to the material boundaries so that
the material interfaces were well defined. Finer elements
were generated near the interfaces to account for the higher
thermal and stress gradients.

(d) Boundary conditions and solving equations
The thermal conductivity of the coating was determined
by solving the steady-state heat equation in the two-di-
mensional domain. A dummy temperature difference of
10 °C (= DT) was set up between the top and bottom
boundaries, while the left and right boundaries were as-
sumed to completely insulated. As the heat flux across
any cross-sectional area (Ay) parallel to top and bottom
boundaries would be a constant in steady state, the fol-
lowing heat equation can be used to determine the ther-
mal conductivity (K) of the coating:

dQy/dt=K · Ay · DT/Dy

where dQy/dt is the heat energy flow/unit time across
the cross-section and Dy is the thickness of the model do-
main.
For the determination of Young’s modulus, a prescribed
deformation of Dx = 25 pixels was applied on both left and
right boundaries, while the bottom-left and bottom-right
corners were fixed to move only along the x-direction. The
average stress (rx) and strain (ex) values were calculated
across all the elements in the mesh, and were used to solve
Young’s modulus (E) for the coating from Hooke’s law
given as:

rx=Eex

A linear solver was used for solving the resulting matrix
equation for the finite element problem.

It should be noted that the area representing the image
is only a small fraction of the total cross-sectional area
of the coating and the microstructure features might vary
from one part of the coating to the other. Therefore five
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SEM images were randomly selected for each experiment
set from the available binary images and the average of the
predicted values for those images was chosen as the final
value.

(e) Limitations
There could be several reasons for the differences in the

values predicted by the model and the experimental values,
the major factor being the limitation of the model to the
two-dimensional domain. Another factor that could affect
the predicted value is the limitation of the resolution of the
image, as all small cracks and pores (and specifically SEM
“invisible” cracks) could not be included in the analysis. A
more accurate value for material properties used for bulk
YSZ would also make a difference.

III. Results from the DoE
The results from the image analysis procedure are giv-

en in Table 4. The centre-point coating in the DoE (E17)
shows a typical porosity level of atmospheric plasma-
sprayed TBCs of around 15 %. The lowest and highest
porosity level was shown by coatings E9 and E10 respec-
tively.

Table 4: Image analysis results for the DoE (all microstruc-
tural features are given in %).

Exp.
No.

Total
porosity

Globular
pores

Free
cracks

Cracks
connected
to pores

E1 15.3 10.8 2 2.5

E2 20.7 15.2 1.7 3.8

E3 12.5 8.2 2.3 2

E4 15.1 9.8 1.9 3.4

E5 19.2 13.8 2 3.4

E6 20.5 14.8 2.4 3.3

E7 18.2 11 2.7 4.5

E8 15.8 10.9 2.3 2.6

E9 11.3 5.9 2.3 3.1

E10 23.2 17.4 1.6 4.2

E11 15.9 9.4 2.7 3.8

E12 14.1 9.8 1.8 2.5

E13 20.5 14.8 1.8 3.9

E14 20.2 14.1 2.3 3.8

E15 18.1 11.2 2.5 4.4

E16 16.1 10.6 2.3 3.2

E17 16.5 11.1 2.2 3.2

Fig. 2a shows the plot between the predicted average
thermal conductivity and the percentage of globular pores
for all the experiments. It can be seen that predicted ther-
mal conductivity decreases with increasing percentage of
globular pores. A similar trend is seen in the plot for pre-

dicted average Young’s modulus values versus percent-
age of globular pores, as shown in Fig. 2b. No statistical-
ly significant correlations between other microstructural
features and properties were observed for these experi-
ments. It must be kept in mind that although these plots
were drawn for coating property versus one of the mi-
crostructural feature, other microstructural features were
also changing between different experiments. So, in this
case, the microstructural feature needs to have a very sig-
nificant effect in order to establish a clear relationship.

Fig. 2: Plot of predicted average (a) thermal conductivity versus %
of globular pores and (b) Young’s modulus versus % of globular
pores.

The results indicate that OOF2 is able to distinguish
between different microstructures. It can be clearly seen
that E10 coating exhibits the lowest thermal conductivity
and Young’s modulus values, and also exhibits the highest
porosity level.

The evaluation of Young’s modulus provides an indica-
tion of the coating integrity, porosity and bonding quali-
ty between splats. It also provides an idea of the thermal
stress developed in the coating during operation since the
modulus is roughly proportional to the induced thermal
stresses 28. It is believed that a coating with a low Young’s
modulus will perform better in lifetime tests owing to its
higher strain tolerance. Thus, based on the modelling re-
sults, it can be concluded that E10 is the best coating pro-
duced in this study since it has low thermal conductivity
and a low Young’s modulus, which would imply long life-
time in operating conditions.

In a previously published statistical study done by the
same research group, it was seen that the combination of
globular pores and connected cracks has the most signifi-
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cant influence on reducing thermal conductivity 29. Fig. 3a
shows the microstructure for the E10 coating. The pres-
ence of large globular pores and several cracks connect-
ed to these pores can be clearly seen. These globular pores
are in the size range of approximately 30 – 50 lm. This ef-
fect was also noted in another recent work done by the au-
thors in which polymer porosity former was used in the
topcoat material to increase the porosity content in the
topcoat which can be obtained by burning off the poly-
mer after spraying 30. Similar microstructures were seen
in that study which resulted in a coating with low ther-
mal conductivity compared to the reference coating in that
study. Fig. 3b shows the microstructure for the E17 coat-
ing, which represents the average of the parameter levels.
A typical microstructure for plasma-sprayed TBCs with a
few pores and cracks can be observed.

Fig. 3: SEM microstructure image for (a) E10 and (b) E17 coatings
(the image represents an area of 180 lm x 180 lm).

The modelling results as well as previous studies indi-
cate that large globular pores, i.e. pores in size range of
30 – 50 lm, with connected cracks are beneficial to achieve
a high-performance coating 29, 30. For verification of the
results obtained from finite element modelling, a coating
system with similar microstructure was sprayed and test-
ed as explained in the next section.

IV. Verification of Modelling Results
The modelling approach to optimise microstructures is

highly beneficial as it is less time-consuming and cheap-
er than the traditional experimental approach. However,
an experimental verification of the modelling results is re-
quired. For this purpose, new samples were sprayed and
analysed, and compared with the modelling results.

(1) Sample production
A different spray gun was used for these tests to analyse

the effect of changing the spray gun on the results, and to
assess the capability of knowledge transfer from one gun to
another in terms of achieved microstructures. The atmo-
spheric plasma spray F4 gun (Sulzer Metco) was used to
spray bondcoats and topcoats on Hastelloy-X substrates
using the same materials as used in the previous study. Sev-
eral spray settings were examined with current, spray dis-
tance and powder feed rate being the varied spray param-
eters. The intention was to fabricate a coating exhibiting a
microstructure with large globular pores, i.e. pores in size
range of 30 – 50 lm, with connected cracks. An additional
coating was sprayed with mean values of varied spray pa-
rameters for reference. The upper and lower level values
of the varied spray parameters are given in Table 5. Coat-
ing thickness was kept uniform for all the sprayed samples.
The microstructure was analysed with SEM.

Table 5: Upper and lower level values for the varied spray
parameters during spray trials with F4 gun.

Parameters Lower (-) Upper (+)

Current (A) 600 750

Spray distance (mm) 70 140

Powder feed rate (g/min) 90 180

(2) Thermal conductivity measurements
The thermal conductivity of the samples was measured at

room temperature with the well-accepted laser flash tech-
nique. A Netzsch Laser Flash Apparatus LFA 427 sys-
tem (Netzsch Gerätebau GmbH, Germany) was used.
First, samples of substrate and substrate sprayed with only
bondcoat were analysed. The thermal conductivity of only
the complete TBC system with both topcoat and bondcoat
was then measured for the samples. Thermal conductivi-
ty of the topcoat was calculated later from the measured
thermal conductivity values and thicknesses of individual
layers. All samples were placed in a furnace with ambient
atmosphere at 1100 °C for 25 h before measurement. An
average of two samples sprayed for each set was consid-
ered to be the final value.
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Thicknesses of individual layers were measured using
optical microscopy from sample cross-sections. The spe-
cific heat capacity was measured using differential scan-
ning calorimetry. The density of topcoats was calculated
using their respective porosity content and the bulk val-
ue for YSZ from the simple rule of mixtures. The porosity
content was calculated using the same image analysis pro-
cedure as described earlier in section II.(2).

(3) Thermo-cyclic fatigue lifetime
Assessing the lifetime of TBCs is a challenging task since

testing them in real environments is very time-consuming.
Accelerated and simplified tests are used to reduce testing
times by exposing the TBCs to harsher environments than
reality. For this work, thermo-cyclic fatigue (TCF) tests
were used to assess the lifetime. In TCF tests, samples un-
dergo a continuous cyclic process until failure. Each cy-
cle involves the samples first being heated in a furnace at
1100 °C for 1 h and then cooled for 10 min using com-
pressed air to around 100 °C. At the end of each cycle, an
image of the sample surface is recorded using a webcam
thus avoiding the need for an operator to be present at
all times. The failure criterion is deemed to be 20 % visi-
ble spallation of the topcoat. An average of two samples
sprayed for each set was considered to be the final value.

Table 6: Image analysis results for the samples sprayed
with F4 gun (all microstructural features are given in %).

Coating Total
porosity

Globular
pores

Free
cracks

Cracks con-
nected

to pores

Optimised 22.8 19.0 1.6 2.2

Reference 10.7 5.9 2.9 1.8

(4) Results
The image analysis results for the two coatings are given

in Table 6. SEM microstructure images for the optimised
coating and the reference coating are presented in Fig. 4.
It can be clearly seen in Fig. 4a that the microstructure has
large globular pores with connected cracks, which is simi-
lar when compared to the E10 coating presented in Fig. 3a.
The porosity level for this coating is also at a similar lev-
el of around 23 % as given in Table 6. The reference coat-
ing presented in Fig. 4b has a typical microstructure for a
plasma-sprayed TBC with a few pores and cracks, which is
again similar to the E17 coating presented in Fig. 3b. Thus,
it can be concluded from Fig. 4 that microstructures sim-
ilar to the coatings sprayed previously were successfully
achieved, even when a different spray gun was used. The
spray parameters that were observed to significantly in-
fluence the microstructural design were current and spray
distance. Low current and long spray distance were used
to fabricate the optimised coating microstructure.

Measured and predicted thermal conductivity values for
the two coatings are presented in Fig. 5a. It can be noticed
that the optimised coating exhibits lower thermal conduc-
tivity compared to the reference coating in a comparison of
the laser flash results. The modelling results also show the
same behaviour with significantly reduced thermal con-

ductivity for the optimised coating. The discrepancy be-
tween the measured and predicted values can be attribut-
ed to the limitations of the finite element model discussed
in section II.(3)(e). It must be noted here that SEM im-
ages of as-sprayed samples were used for prediction while
heat-treated samples were used for measurements. As the
thermal conductivity usually increases after heat treatment
owing to sintering, this effect would also contribute to the
discrepancy between the measured and predicted values
apart from the previously mentioned reasons.

Fig. 4: SEM microstructure image for (a) optimised and (b) reference
coatings.

Predicted Young’s modulus and TCF lifetime values for
the two coatings are presented in Fig. 5b. Higher TCF life-
time and lower Young’s modulus were shown by the opti-
mised coating, which strengthens the belief that a coating
with a low Young’s modulus will perform better in lifetime
tests owing to its higher strain tolerance.

These results indicate that, as predicted by the model ear-
lier, large globular pores with connected cracks inherit-
ed within the microstructure are beneficial for the coating
performance.

V. Summary and Conclusions
In the first part of this work, thermal and mechanical

properties of TBCs for a Taguchi L16 matrix sprayed with
17 spray settings using eight main process parameters were
predicted using finite element analysis. The lowest ther-
mal conductivity and Young’s modulus were shown by
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a coating exhibiting large globular pores with connected
cracks inherited within the microstructure. In the second
part, similar microstructures were sprayed with a different
spray gun. Thermo-mechanical properties were predicted
using the same finite element model while thermal conduc-
tivityandthermo-cyclic fatiguelifetimeweremeasuredex-
perimentally. In this way, the modelling results obtained in
the first part of this work were verified as the coating with
large globular pores with connected cracks performed bet-
ter compared to the reference coating sprayed with stan-
dard settings before optimisation. Low current and long
spray distance can be used to fabricate the optimised coat-
ing microstructure.

This work shows that the modelling approach in combi-
nation with experiments can be used as a powerful tool to
achieve optimised microstructures. This approach is both
time-saving and cost-effective.
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