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Abstract

The ceramic top coat of thermal barrier coatings (TBC) manufactured by electron beam-physical vapour deposition (EB-PVD) process is a
crucial part of a system which protects the high pressure turbine blades of aero engines and stationary gas turbines. Under service conditions,
turbine blades are exposed to temperatures above 1100 ◦C, typically with short-term peaks. Ceramic top coat has a unique microstructure
made up of individual primary columns, growing in a preferred crystal direction. This columnar growth produces an inter-columnar spacing

exhibiting a weak bonding between the neighbouring columns, and providing the TBCs with high strain tolerance. Rotation of the substrates
during vapour phase deposition produces an additional intra-columnar closed porosity. Furthermore, this causes formation of a feather-like
sub-columnar structure at the periphery of each primary column due to over-shadowing, increasing total porosity and thus contributing to low
thermal conductivity of the material.

On thermal exposure during service, both inter- and intra-columnar porosity decrease as a result of sintering induced surface area reduction.
The driving force for this process is the decrease in surface energy. As a result, thermal conductivity increases due to the alteration of the
porosity distribution, size and morphology. In addition the in-plane strain tolerance decreases after the primary columns sinter together to
form bridges at the contact points. These are two important factors which affect the performance of the entire system. Thus, analysis of the
involvement of each pore family (feather-arm, intra- and inter-columnar pores) in thermal insulating capabilities of yttria stabilized zirconia
(PYSZ) TBC may provide a guideline for engine manufacturers in designing more efficient coatings with optimised thermal properties, in all
probability solely by controlled adjustment of the process parameters.

This work reports the thermal-induced microstructural changes in terms of total porosity at EB-PVD produced top coats before and after
annealing at 900 ◦C, 1000 ◦C, 1100 ◦C, 1200 ◦C, 1300 ◦C and 1400 ◦C for 1 h, as well as at 1100 ◦C for 20 min, 1 h, 3 h, 10 h and 100 h. For the
analysis of the changes in pore surface area, methods such as SANS (small angle neutron scattering) and BET (Brunauer–Emmett–Teller) were
applied. Alteration of surface area with time and temperature commonly gives an indication of the type of diffusion mechanism. Hence, kinetic
and the activation energy of the mechanism are calculated and determined with the help of the data obtained by SANS and BET-analysis. Due
to the presence of a large number of nano-sized closed porosity in the coatings, SANS measurements were crucial to distinguish those from
the remaining open porosity. A mean porosity representative for pores smaller than 180 nm is obtained by interaction of neutrons diffracting
parallel to the primary column axis.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal barrier coating (TBC) systems manufactured by
electron beam-physical vapour deposition (EB-PVD) process
are currently employed to protect the turbine blades located
at the high pressure zone of aero engines and stationary gas
turbines. A TBC-system consists of a ceramic top coat, a
metallic bond coat (BC) and in between them a thermally
grown oxide layer (TGO). The ceramic top coat exhibits a
low thermal conductivity and high values of strain tolerance
owing to its intrinsic columnar microstructure. This morphol-
ogy contains individual columns which grow on the substrate
in a preferred crystallographic direction by adding atoms
from the vapour phase. The columns are weakly connected
with each other forming inter-columnar open porosity due to
the presence of the gap between them. Furthermore, a feather-
like sub-columnar structure which forms at the periphery of
the primary column surfaces 45◦–60◦ inclined toward their
growing axis increases the open porosity. Finally, due to the
rotation of the specimens during the vapour deposition pro-
cess, the secondary columns, so-called feather-arms which
lay inwards to the columns, as well as an additional intra-
columnar closed porosity inside the primary columns are pro-
duced. Sintering of these coatings, caused by ageing during
service conditions, introduces changes in the distribution and
morphology of the open and closed porosity, consequently
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cient corresponding to the relevant sintering mechanism pro-
duced by the atomic diffusion and Q is the related activation
energy.

Small angle neutron scattering technique (SANS) has been
employed to study the sintering of ceramics.7–14 Particularly,
the studies focus on measurements of Porod scattering15

which are derived from the terminal slope in SANS spec-
tra and are used to determine the characteristics of voids in
a porous material yielding quantitative information on the
corresponding interface surface area. Porod scattering is a
technique which does not require a void shape model and is
especially useful for studies of void systems with complex
shapes.16 This analysis method is sensitive to both opened
and closed pores.17 Nevertheless, the measured Porod surface
area is primarily sensitive to small pores (which have larger
surface-to-volume ratios), reflecting principally the surface
area of the nanometer-sized intra-columnar pores in this case.

This study presents the analysis of pore surface area
changes during the ageing of EB-PVD top coat materials by
SANS, Brunauer–Emmett–Teller (BET) and scanning elec-
tron microscopy (SEM). The results are discussed comparing
the nature of these changes with those of nano-particles and
pores. Due to the nanometer size, difficulty of accessibility,
complex morphology as well as internal energy of the differ-
ent elements present in the columnar structure of the EB-PVD
coatings (i.e. solid state phase and porosity), a combination
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esulting in an increase of the thermal conductivity which is
ne of the key functional properties of TBCs. Additionally,
he in-plane strain tolerance is reduced after the columns sin-
er together through bridging contact points.1,2

According to the sintering theory of Kingery,3 there are
everal parallel reaction paths likely to occur, the one with the
owest energy barrier being the most rapid and the principal
ontributor to the overall process. Following this principle,
f there is one single diffusion mechanism governing the sur-
ace area changes of the porosity present at the EB-PVD
op coats, it may be possible to determine this by measuring
he surface area reduction after ageing. It can be assumed
hat the changes caused by ageing in the morphology of the
aps between feather-arms are comparable to the sintering
f particles having analogous morphologies. Moreover, for
ntra-columnar pores, such changes could be similar to par-
icles or pores with non-equilibrium morphology.

Analysis of the surface area changes could be done by
tilizing German’s kinetic equation derived from the Kuczyn-
ki’s format which is time-dependant for surface area reduc-
ion. This sintering model assumes that powder particles are

onodispersed spheres and the limit of applicability is up
o �S/So ≈ 50%.4 Alternatively, it is also possible to apply

kinetic model based on Arrhenius analysis developed by
erman5,6 which considers the changes in the surface area

elated to the ageing temperature during constant heating rate.
lso this model is only valid for the first 50% of area loss and

ssumes that a single diffusion mechanism is operative during
intering. In the German’s model the slope of the Arrhenius
lot represents the values of Q/γ , where γ is the coeffi-
f innovative analysis techniques is required to determine
he atomic diffusion mechanisms activated by exposing the

aterial to high temperatures. In order to define the govern-
ng diffusion mechanism and its activation energy, changes
n the surface area (�S/So) of the different porosity types
fter isothermal ageing at 1100 ◦C for various times as well
s at different temperatures varying from 900 ◦C to 1400 ◦C
or a constant holding time were measured. The analysis of
he measured properties which are provided using a constant
eating-rate during heat treatment minimizes experimental
roblems with shifting in atomic transport mechanisms.5

. Methods and materials

.1. Processing

After the corresponding cleaning of the flat metallic Ni-
asis super-alloy substrates (IN718), NiCoCrAlY bond coats
ere vapour phase deposited followed by peening and vac-
um annealing. Additionally, top coats based on partially
ttria stabilized zirconia (PYSZ) were deposited via EB-PVD
rocess using a 150 kW pilot plant (von Ardenne, Germany),
detailed description of which is given elsewhere.18,19 The

ubstrates were mounted on a rotating horizontal holder
ositioned perpendicular to the ingot axis and coated under
onventional rotating mode.20 Oxygen flow into the coat-
ng chamber was adjusted to obtain the desired vacuum and
phold the stoichiometry at the coatings. The evaporation
ource material was a 63.5 mm diameter ingot provided by
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Transtec (TT, USA) with standard ZrO2–7 to 8 wt.% Y2O3
chemical composition.

Deposition of the PYSZ top coating was carried out by
single source evaporation by applying an electron power gun
of 70 kW and 8 × 10−3 mbar chamber pressure. During the
process the substrates were rotated at a speed of 12 min−1

and heated to 950 ◦C. Using these parameters, a deposition
rate of 6.3 �m/min was achieved resulting in a coating thick-
ness of 400 �m. After deposition, the coatings were separated
from substrate and bond coat by chemical etching. The free-
standing coating specimens were subsequently aged in air
at 1100 ◦C for 20 min, 1 h, 3 h, 10 h and 100 h and at tem-
peratures 900 ◦C, 1000 ◦C, 1100 ◦C, 1200 ◦C, 1300 ◦C and
1400 ◦C for 1 h. For each given ageing condition, one single
specimen was employed for further characterization.

2.2. Characterization

BET method was employed to measure the surface area
from the open porosity and SANS method for the open and
closed pores smaller than 180 nm by determining the appar-
ent Porod surface area. The BET measurements were carried
out at the Department of Ceramic Technologies and Sintered
Materials of the Fraunhofer Institute in Dresden by using an
accelerated surface area porosimeter system (ASAP 2010)
and employing N as analysis gas. The corresponding dimen-
s
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For the BET and SANS methods, the specimens were
analysed in free-standing condition in order to avoid mea-
surements of entities different from the TBC top coat, since
the incident beam interacts with the specimen along the plane
perpendicular to the substrate (i.e. parallel to the column axis)
as the scattered neutron intensity was determined.

The microstructures were characterized using a field-
emission scanning electron microscope (FE-SEM, LEITZ
LEO 982).

3. Results and discussion

The reduction in the surface energy is the driving force for
sintering and induces changes in the surface area of pores.
This modifies the morphology until the lowest surface area
is reached for a corresponding volume resulting in an equi-
librium shape.22,23 For the as coated EB-PVD top coat, it
is evident that the shape of the open and closed pores is far
from the equilibrium as is shown by the left and right inserted
micrographs in Fig. 1.

The surface temperatures of the turbine blades at cur-
rent aircraft engines range between 1100 ◦C and 1200 ◦C,
therefore, isothermal ageing of specimens were carried out
at 1100 ◦C for exposure times varying between 20 min and
100 h. The analysis of these results can help to provide infor-
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ions of the utilized specimens were 7 mm (width) × 20 mm
length) × 400 �m (thickness).

The SANS measurements were performed at the time-
f-flight small angle neutron diffractometer (SAND) at the
ntense Pulsed Neutron Source (IPNS) of Argonne National
aboratory. Detailed description is given elsewhere.21 The
ample-to-detector distance was 2 m and the q range
.035–6 nm−1. Each measurement was carried out on one
pecimen having the dimensions of 0.4 mm × 7 mm × 15 mm
fter ageing at above given temperatures and times. These
pecimens were placed on a sample holder using a cadmium
ask with a circular slit of 5 mm diameter. Under the mea-

urement conditions, the analysed volume of the specimens
as 5 mm × 0.4 mm (diameter × thickness). The data were

orrected for background and empty cell scattering.

ig. 1. Scanning electron micrographs of the cross sections of EB-PVD PY
ontaining inter-columnar and feather-arm porosity (left) and intra-columna
ation about the influence of time and thus, on the sintering
inetics of TBC top coats analogue to those obtained for the
owder compacts.4 As Fig. 2 demonstrates, significant sur-
ace area changes were observed in the total open and closed
orosity of the coatings within the first minutes of ageing at
100 ◦C exceeding the 50% limit given in German’s model.

Scanning electron microscopy investigations of the coat-
ngs aged for 1 h at 1100 ◦C showed that feather-arm features
nd intra-columnar closed porosity became coarser in com-
arison with those in the as-coated state (Fig. 3, top left
nd bottom). In contrast, no considerable porosity changes
ere observed in the coatings on further ageing for 100 h at
100 ◦C (Fig. 3, top right). It appears that the atomic diffusion
tarted already during the heating period before the exposure
emperature was reached. It is evident that the surface area

coats displaying the columnar microstructure in as-coated state (middle),
(right).
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Fig. 2. Surface area reduction of open (measured by BET) and closed pores
(calculated by SANS) after ageing of EB-PVD top coats at 1100 ◦C for
various times. Deviations from the calculated values of the surface area
using the data fitting process are represented by the vertical bars. These
were ±10% for Porod (SANS) and ±5% for BET-measurements.

configuration of the open and closed pores after ageing for
1 h at the given temperature reaches a partial equilibrium
(i.e. smoothness) state. Such partial equilibrium is more pro-
nounced in open pores (as measured by BET) than in closed
ones (determined by SANS) (see Figs. 2 and 3). It indicates
that the chemical potential present at the curvature of the pore
surfaces is not high enough to drive atomic diffusion within

a reasonable time at the mentioned temperature. Analogous
results were found by Akash et al.,24 who demonstrated that
an equilibrium (smoothing) value for the pores at tetrago-
nal structured 3 mol.% YSZ powder compacts was reached
after different but defined lengths of time at various ageing
temperatures, if sintering is governed solely by surface dif-
fusion. Moreover, Gregory et al.25 stated that in the case of
pores with a non-equilibrium morphology, transfer of atoms
must occur from rough to smooth surfaces. For occurrence
of material transfer between different surface morphologies,
a nucleation energy barrier must be overcome. If this barrier
is not overcome, the morphology change of the pores will be
achieved only at a fraction of the final equilibrium shape.

In our experimental case, it was not possible to apply this
proposed model to determine the governing sintering mecha-
nism due to the rapid sintering kinetics of EB-PVD top coats
at the above given temperature. Therefore, other influencing
factors were considered.

The changes in activation energy also deliver informa-
tion about the occurrence of different sintering mechanisms
and can be determined by isothermal ageing of coatings at
different temperatures for a constant exposure time and by
heating at a constant rate.5,6 Fig. 4 shows the changes in
surface area reduction (�S/So) as a function of temperature
using a constant heating rate of 5 ◦C/min. The graph in Fig. 4

F
t

ig. 3. Scanning electron micrographs of the cross sections of the EB-PVD standard
ure in as coated state (left) and after ageing at 1100 ◦C for 1 h (right) and for 100 h
top coat displaying the morphological changes in the columnar microstruc-
(bottom).
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Fig. 4. Surface area reduction data plotted against temperature is used as a
basis to calculate the apparent activation energy for surface area loss with a
heating rate of 5 ◦C/min. Deviations from the calculated values of the surface
area using the data fitting process are represented by the vertical bars. These
were ±10% for Porod (SANS) and ±5% for BET-measurements.

implies that the sintering process begins at 900 ◦C, consid-
ering the surface area of the coatings after one hour ageing
at 900 ◦C (4.8 m2/g ± 10%) and the initial surface area of
the coatings as-coated state (5.2 m2/g ± 10%). Similar results

were reported by Fritscher et al.26 The curve given in Fig. 4
also displays a change in the slope at about 1100 ◦C. The
surface area changes of the different pore types present in the
EB-PVD top coats occur rapidly in the temperature range of
900 ◦C–1100 ◦C. For a precise analysis, employment of in
situ SANS measurements may be necessary. Above 1100 ◦C,
the rate of surface area reduction diminishes drastically indi-
cating a change in the driving force and/or the diffusion
mechanism for the sintering process.

Microstructural observation of the coatings aged at differ-
ent temperatures for one hour shows that substantial changes
in the morphology and distribution of the porosity occur at
temperatures between 900 ◦C and 1100 ◦C. Considering the
slope change in Fig. 4, one can assume that the morphologi-
cal alteration becomes rather insignificant in the temperature
range between 1100 ◦C and 1400 ◦C. In spite of the rate
reduction in the surface area change in the second half of
the curve of Fig. 4, considerable microstructure change is
noticeable at the coatings aged for one hour at temperatures
between 1100 ◦C and 1400 ◦C as shown in Fig. 5.

Using the equation suggested by German,5 the ratios
between the activation energy and the mechanism constant
(Q/γ) for the two different slopes of the curve were calcu-

F
a

ig. 5. Scanning electron micrographs of the cross sections of the EB-PVD standa
t 900 ◦C (top left), 1100 ◦C (top right), 1200 ◦C (down left) and 1400 ◦C (down rig
rd top coats showing the changes in columnar after annealing for one hour
ht).



2254 A.F. Renteria, B. Saruhan / Journal of the European Ceramic Society 26 (2006) 2249–2255

lated. At the temperature range of 900 ◦C–1100 ◦C, these
yield average calculated (Q/γ) ratios of 114 kJ/mol and
120 kJ/mol for the BET and SANS data, respectively. Accord-
ing to the investigations carried out on solid state sintering of
3 mol.% Y2O3–ZrO2 powders in air revealed that three dif-
ferent atomic diffusion mechanisms were operating. These
are referred to as surface, lattice/volume and grain-boundary
diffusions.24,27,28 The grain boundary diffusion can be ruled
out for the EB-PVD top coats since their morphological build-
up at the as-coated state displays no grain boundary devel-
opment. The columns of EB-PVD PYSZ coating are quasi
single crystals having tetragonal crystal structure. Comparing
the calculated (Q/γ) ratios with those of the literature data,5,6

one can postulate that the surface diffusion (120 kJ/mol) is
the most suitable diffusion mechanism to occur during age-
ing of EB-PVD PYSZ coatings at the temperature range of
900 ◦C and 1100 ◦C. Similar results were previously reported
by Lughi et al.2

At the temperature range of 1100 ◦C–1400 ◦C, the surface
area reduction exceeds the limit of applicability of the model
used, and thus, may result in no rational fitting of the data to
one single possible sintering mechanism. It is likely that at
this second stage more than one diffusion mechanisms occur
simultaneously.

The presence of complex pore morphologies in EB-PVD
manufactured PYSZ top coats should be regarded for inter-
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dependence of the specific surface excess free energy σ(R).32

In the case of isotropic specific surface energy, a particle or
void shape will change to spheres of the same volume. In
an assembly of identical pores with the smallest surface to
volume ratio and isotropic surface energy, no change in the
microstructure will occur during sintering, due to the absence
of differences in bonding environment.33 On the other hand,
on edges and corners the atoms exhibit a different bond-
ing environment when compared to atoms located on faces.
Their bonding environment will change in order to decrease
the energy and to ensure the most possible uniformity.33

Pores and particles with anisotropic surface energies will
often persist in metastable shapes.34 Achievement of equilib-
rium starting with these nano-sized shapes may, nevertheless,
require either longer exposure time than that applied in this
study or higher temperatures than those of present service
temperatures.

4. Conclusions

The model developed by German et al.5 to determine
the governing sintering mechanism in powder compacts
seems to be well suited for the EB-PVD PYSZ top coats
within its �S/So ≈ 50% surface area reduction applicability
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retation of the influence of surface diffusion on pore mor-
hology changes and consequently on sintering. It is likely
hat in different pore groups different morphological changes
ccur although the driving force for their initiation might be
he same, namely surface diffusion.

Considering the conclusions drawn by Bullard and
earcy29 that the surface diffusion is the principal path
f mass transport between the facets of a cross section
hich lies in the range of 5 �m–100 �m, the significance
f the occurrence of this mechanism at the inter-columnar
ores of EB-PVD thermal barrier top coats becomes perce-
tible.

Transition state theory applies for both diffusion-limited
hape changes and attachment–detachment–limited shape
hanges. Bullard and Searcy30 state that whenever both con-
ex and concave facets are present on a crystalline sur-
ace, these edges provide favourable sites for formation of
onolayer ledges at which detachment and attachment of
olecules (or atoms) can occur. Dramatic differences take

lace by complex shapes with time when surface diffusion
s rate-limiting or detachment of atoms from a source facet
t a sink facet is rate-limiting.31 Thus, it is reasonable to
ssume that the coarsening of the feather-arm feathers is a
esult of surface diffusion driven matter transport leading
o detachment/attachment process from convex to concave
acets which is rate-limiting.

For the isolated voids which may remain from the initially
ontinuous porosity network, surface diffusion, if rapid, can
rovide sufficient mobility that those pores may migrate.29

tability/instability of small objects correlates with the size
imit. According to this, the obtained results indicate that
tomic diffusion mechanism in the temperature range
f 900 ◦C–1100 ◦C is surface diffusion. However, at the
emperature range 1100 ◦C and 1400 ◦C, it was not possible
o determine one single mechanism. It is likely that at this
ange more than one diffusion mechanisms take place.
urface diffusion occurring at the temperature range of
00 ◦C–1100 ◦C may be the cause for migration of small
ores as well as matter transport from convex to concave
ites.

Sintering starts already at 900 ◦C for the studied coating,
anufactured by applying standard process parameters and

ged under given conditions. At 1100 ◦C, pore surface mor-
hology seems to reach a partial equilibrium shape after one
our. According to the Wulff theory,35 achievement of fully
quilibrium shape can not be possible within a reasonable
ime, although, due to the differences in their bonding envi-
onment, the pores with anisotropic surface energies or those
ith curved surfaces having chemical potential differences
ay become metastable.
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