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Preface

The book discusses complex loadings of turbine blades and protective layer thermal
barrier coating (TBC), under real working airplane jet conditions. They obey both
multi-axial mechanical loading and sudden temperature variation during starting
and landing of the airplanes. In particular, two types of blades are analyzed:
stationary and rotating, which are widely applied in turbine engines produced by
airplane factories.

The numerical modelling, consisting of computational fluid dynamics (CFD) and
computational structural mechanics (CSM), requires some basic experimental
research, necessary to correct formulation of the turbine blades thermo-mechanical
analysis.

The experimental program of research based on the samples with TBC coating
was designed for:

e uniaxial tensile tests (UTT),
3-point bending tests (3-PB),
e micro-hardness tests.

Before the strength tests, the samples were subjected to aging for different times
at the temperature of 1000 °C. The UTT were performed using the ARAMIS optical
displacement measurement system and acoustic emission in order to determine the
load value at which the TBC cracking is initiated. In order to analyze the level of
damage of the protective layer structure the scanning electron microscopy
(SEM) observations were carried out. The thermally grown oxide (TGO) layer
thickness was measured and the function describing its growth depending on the
aging time was determined. The different types of damage which arise as a result of
a combination of different aging times and different levels of mechanical stresses
were also described. Energy dispersive spectroscopy (EDS) analysis was performed
by specifying the content of chemical elements in each layer, which allowed to
observe the phenomenon of diffusion due to aging. Micro-hardness test of each
layer of the TBC coating became the basis for determining of the elastic properties
used in the finite element method (FEM) simulations.
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The numerical solution of the thermo-mechanical response of the stationary and
rotating turbine blades requires CFD and CSM analyses:

e Thermal loads of stationary blade were determined on the basis of CFD sim-
ulation, taking into account both the exhaust gas and cooling air flow. The
obtained non-uniform temperature fields constitute a basis for determining of the
thermal stresses resulting from the difference in thermal expansion coefficients
of the blade and ceramic layer materials.

e Numerical calculations were performed for the rotating moving blade subjected
to a centrifugal and thermal loads force in order to determine the critical places
of the blades from which the cracking process initiates.

The obtained results provided the basis for building a more advanced FEM
model with application of the extended finite element method (X-FEM) technique.
This advanced method allows for introduction of the material cracking to trace
trajectory of the major crack in relation to rotational speed of the blade with a TBC
layer. The exact analysis of the cracking process is possible by application of the
submodelling technique, which allowed for separation from the global model a
critical fragment of the blade with the highest stress concentration. Introduction of
much more dense FEM mesh leads to more precise description of the failure blade
process.

The formulated conclusions in this book can be useful for the application of this
new methodology in airplane industry.
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Chapter 1
Introduction

Blades, stationary (nozzles) and moving (turbine), are the most important critical
elements of turbine engine, Fig. 1.1. They are exposed to large temperature
differences between exhaust and the air that cools them. In this case, the ones under
the greatest loads are first degree stationary blades, as they are affected by gases
flowing directly from the combustion chamber. The thermal stress occurring in the
blade material is the greater, the greater the difference between exhaust gas and
cooling air temperatures. Turbine blades that participate in transforming the kinetic
energy of exhaust gases into rotational movement energy are additionally loaded
with centrifugal force.

Turbine energy efficiency increases with the increase of temperature before the
blade assembly. Exhaust gas temperature increase is possible, since aviation fuel
combustion temperature is approx. 2300 °C, although it is limited by the strength
properties of alloys which blades are made of.

Two methods are used to increase the blade operation temperature:

e cooling,
e application of ceramic Thermal Barrier Coatings (TBCs).

Blade cooling entails significant increase in blade structure complexity and
causes losses, as cooling air is drawn from the engine compressor.

The second method has been successfully employed for many years and enables,
e.g. higher temperature before the blade assembly, and consequently improved
engine efficiency. Protective TBCs remain the object of research, since their
damage-related properties have not been fully explored yet. Durability and strength
of protective coatings are affected by numerous factors, both related to technology
of their deposition, e.g. the effects of substrate roughness, degree of substrate
heating, plasma burner power and to operating conditions, e.g. the presence of
corrosive environment, erosion, duration of operation, etc.

Literature concerning TBCs can be divided by various criteria. The first is
division into the literature containing:

© The Author(s) 2016 1
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Fig. 1.1 a TBCs system, b turbine blades without and with TBC

e numerical computer simulation (basing on: FEM—finite element method,
FDM—finite difference method, BEM- boundary element method),

e limiting itself to theoretical models and discussions,

e purely experimental studies.

Literature containing computer simulation constitutes approximately 60 % of all
published articles. Such division was made for several reasons. The issues of
thermal and mechanical loads of turbine engine blades are highly complex due to a
number of non-linearities: material, geometry and boundary conditions in the form
of non-uniform temperature fields and variable contact. For this reason, it is more
beneficial to subject a blade to numerical tests, which will enable not only reduction
of costs and acquisition of data, e.g. on stress distribution, but also consideration of
varied cases.

By making a deeper distinction into papers containing FEM simulations, we can
divide them into those based on 2 dimensional (2D) and 3 dimensional (3D) models.
The former are more than twice as numerous, which is related to various difficulties
in building 3D models, e.g. generating finite element meshes and greater processing
power requirements. In most papers, where 3D models of an actual blade, the end
results of simulations are Huber von Mises reduced stress fields and blade proper
vibration forms. Frequently, these results are compared to an actual damaged blade.

However, a reliable FEM simulation requires broadly defined material testing, or
observation results of blades working under actual conditions. For this reason, the
discussed literature can also be divided according to such issues as:
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TBC strength properties tests,

TBC thermal fatigue tests,

corrosion, erosion (environmental loads),

Bond Coat (BC)—Top Coat (TC) contact analysis,

use of rare earth elements for manufacturing modern TBCs.

Experimental testing of TBCs under thermal and mechanical loads is not an easy
matter. The authors propose various shapes of samples and various solutions of
holder construction. At times, utilisation of the wrong sample mounting method can
lead to errors in results. An example can be the “barb test”. How great a role the
workmanship tolerance of the holder itself plays in this case, will be presented in
one of the numerical simulations.

However, there are no papers that include material damage due to thermal and
mechanical loads in numerical simulations. Therefore, this book will enable filling
this gap to some extent. Damage both in micro- and macroscale will be presented.

In particular, the book discusses all issues related to the loads which turbine
blades protected by TBC layers on their working surfaces, are subjected to. It
includes both:

e a new complex numerical finite element (FE) model of the turbine blades with
TBC system consisting of Top Coat (TC—ceramics—yttria stabilised zirconia),
Thermally Grown Oxide (TGO layer), BC and substrate,

e original experimental program determining necessary date for calibration of the
FE model.

The model allows for detailed description of the gradual degradation of the
TBCs systems under active loading thermo-mechanical process of the turbine
blades. The proposed model is general and can be applied for any other airplane
engines design. The proposed experimental program is enough for estimation of the
necessary material data for FE modelling.

Finally, some numerical results are discussed and conclusions are formulated.



Chapter 2
Protective Thermal Barrier Coatings

The goal of using TBCs is, e.g. to reduce thermal conductivity between exhaust
gases and the blade material, anti-corrosion protection and increased wear
resistance.

A TBC layer must meet the following criteria [1, 2]:

low thermal conductivity <2 W/(mK),

high thermal expansion coefficient,

phase stability between room temperature and operating temperature,
resistance to sintering at high temperature,

low Young modulus,

process properties enabling coating creation, e.g. using Air Plasma Spray
(APS) or Electron Beam Physical Vapour Deposition (EB-PVD) [3].

To date, a suitable material that would meet all the above criteria, particularly at
temperatures above 1200 °C, has not been found.

Currently, TBCs are usually made of zirconium oxide ZrQO, stabilised by
yttrium oxide Y,0; [1-12]. Zirconium oxide is currently the most popular
chemical compound, aside from aluminium oxide Al,Os;, utilised for production of
structural ceramics. It occurs in three polymorphic varieties: monoclinic, tetragonal
and regular.

Pure ZrO, undergoes phase transition at 1200 °C, switching from tetragonal to
monoclinic phase during cooling. This phenomenon results in an increase in vol-
ume (3-5 %), reduction of porosity and sintering, and consequently a lower tol-
erance for thermal and mechanical deformations, leading to premature barrier
damage. Consequently, production of structural elements made of pure ZrO, is
impossible.

© The Author(s) 2016 5
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A solution to this problem is adding stabilising oxides to ZrO,, cations of which
incorporate themselves in place of zirconium ions. This completely or partially
blocks the process of phase transition during material cooling from the sintering
temperature. Depending on the application and needs for properties, the following
solutions can be distinguished: Y,03-Zr0O,, CeO,—ZrO,, MgO-ZrO,, ThO-ZrO,.

Considering the amount of added stabiliser, either Fully Stabilised Zirconia
(FSZ) or Partially Stabilised Zirconia (PSZ)—where a mixture of tetragonal and
regular phases occurs—is obtained.

For a specific stabiliser content, e.g. 2—4 %/mol Y,03 and at small grain sizes,
ceramics containing almost 100 % tetragonal phase can be obtained. During sin-
tering in temperatures higher than the transformation temperature, the tetragonal
grain is enclosed in a matrix. During sinter cooling to room temperature, com-
pressive stresses appear around the tetragonal grain, resulting from the grain’s
tendency for transformation into the monoclinic form. Depending on the ZrO, grain
size and matrix strength, theses stresses may be relaxed by matrix microcracks
forming around the grain, and the grain itself may shift into the monoclinic phase.
In the event that the grain is sufficiently small, and the matrix sufficiently strong, the
tetragonal grain is super-cooled to room temperature. The described cases lead to
increase in cracking resistance and durability of ceramic materials [13].

2.1 Structure of TBCs

Protective ceramic coatings are produced using gas phase deposition (e.g. EB-PVD
or ASP). The protective coating structure directly depends on the selected method
and on process parameters.

A typical coating deposited using the APS method, produced by Pratt and
Withney Rzeszow S.A. (Poland—United Technologies Corporation), is composed
of two layers (Fig. 2.1):

e bond coat (BC) layer, 50-150 um thick,
e ceramic layer (top coat—TC), 200-300 um thick.

Fig. 2.1 Coating created
using the APS method. /
substrate, 2 bond coat, 3 top
coat
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Fig. 2.2 a Process chamber with EB guns, crucibles and sample to be coated in the vapour cloud,
b dendritic structure of a TBC produced by EB-PVD

Figure 2.1 displays an image of a TBC system deposited to a metallic substrate.

A schematic of an EB-PVD TBC system is shown in Fig. 2.2. On the Ni-based
superalloy substrate, a BC is deposited, which is an oxidation resistant. A thin layer
of alumina, called Thermally Grown Oxide (TGO), is formed on the surface of this
BC during the EB-PVD deposition of the TC, which is done under a small vapour
pressure of oxygen.

These coatings have a columnar microstructure Fig. 2.2b. The columns are
loosely connected, so the ceramic can follow the thermal expansion of the metallic
substrate without developing high internal stresses. This behaviour is called “strain
tolerance”.

EB-PVD TBCs are more durable, but expensive, relative to the APS TBCs, and
they are used primarily in the most severe applications such as turbine blades and
vanes.

2.2 Development and Application of New Coating
Materials

Promising materials for TBCs are rare earth element-based compounds. To date,
several oxide types have been considered for possible application in TBC
production:

e pyrochlore-structured oxides,
o fluorite-structured oxides,
e perovskite-structured oxides.
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An important group where a new TBC material could be found in is are rare
earth zirconates (2, 3, 9, 11, 12]. They have the general formula Ln,Zr,0; (Ln—
lanthanides such as La, Gd, Eu, Dy). They have an entire range of interesting
advantages, such as high melting point, high thermal stability, thermal expansion
within the 8 x 10 to 11 x 107° 1/K range, low thermal conductivity at the level
of 1.1-1.5 W/(mK), unique luminescence, radiation stability. They have the pyr-
ochlore or fluorite structures.

Below, several examples of zirconates are presented that may find use in TBCs.

1. Lanthanum zirconate—La,Zr,0,; (LZ)—has excellent thermal stability and
chemical resistance, high melting point of 2700 °C. It has a significant advan-
tage of low thermal conductivity equalling 1.56 W/(mK); for comparison, this
value for YSZ is 2.5 W/(mK). Furthermore, there are no phase transformations
within the range from ambient temperature to operating temperature. Its main
drawback is low thermal expansion in comparison with blade material, equalling
9.1 x 10°° 1/K, resulting in occurrence of thermal stresses. Another disadvan-
tage is lack of commercial availability and time-consuming production. The
latter disadvantage could be eliminated, however, as in paper [9], the authors
proposed an energy-efficient and fast method for producing La,Zr,0.

The entire coating deposition process can be divided into three stages:

e Melting by plasma. This consists in La,03 and ZrO, granules being placed in
a graphite cylinder that is cooled and constitutes the anode. The cathode is a
cooled graphite rod. The device power is 5 kW and is used for melting the
granules using plasma, and consequently mixing them, while maintaining
minimal porosity.

e Spheroidisation using plasma. After cooling, the melted mixture is ground in
a ball mill using zirconium balls. Spheroidisation is also conducted in a
plasma reactor with 40 kW power. The material in spherical form leaves the
plasma stream and passes a 300 mm distance, ending in a polished steel
container.

e Plasma spraying. Powder in spherical form is sieved in order to obtain 10—
45 mm particles. Deposition is performed using a plasma stream in a device
with 40 kW power.

The paper [9] also analyses microscopic images for various powers of the

plasma reactor. The resulting degree of spheroidisation ranges from approx.

48 % for 21 kW power to 90 % for 29 kW.

To summarise—the above method of lanthanum zirconate production is quick,

simple and efficient. Melting 30 g of granules takes 10 min. The optimum

spheroidisation power, for which efficiency equals 78 %, is 27 kW. While
greater efficiency is achieved at a higher power of 29 kW, some of the powder is
vapourised in the process.

It also bears mentioning that research is being conducted on the effects of

additions to lanthanum zirconate, such as Gd,Os;, Yb,0O3, Sm,03 concerning

improvement of thermo-mechanical properties of coating materials [2, 4, 5].
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2.

An in-depth analysis of samarium oxide addition was performed by the authors
of paper [5]. The formula of the material was (Sm;_,La,),Zr,05 for x = 0, 0.25,
0.5, 0.75 and 1. Obtaining such materials required a temperature of 1600°C and
time of approximately 10 h, using such oxides as: Sm,03, La,0O5 and ZrO,. The
most beneficial effect was achieved for x = 0.5, i.e. the (SmysLlags),Zr,04
material, for which thermal conductivity remains constant in the entire temper-
ature range and is approximately 1 W/(mK). This new composite could possibly
replace YSZ, particularly if the technology presented in [9] is utilised.

. CeO, was considered as a substitute for ZrO,, since material containing cerium

dioxide generally have a higher thermal expansion coefficient [14, 15].
Therefore, another new material possible to be used as TBC is La,Ce;07 (LC).
It is a metallic solution of La,Oz in CeO,, with fluorite structure. Main
advantages of LC are low thermal conductivity and no phase transformation
within the range from room temperature to 1400 °C. However, thermal
expansion drops rapidly for the 200—400 °C, and furthermore, LC reacts with
the a-Al,O5; phase at high temperatures. The result of such behaviour is low
number of heating—cooling cycles that such coating can transfer.

If cerium or zirconium is replaced with titanium and aluminium, the result will
be another material considered in paper [12] LaTiAlyOq¢ (LTA), which can
replace YSZ for applications up to 1300 °C. LTA is obtained through synthe-
sising La;03, TiO, and Al,O3 oxides at 1500 °C for 24 h. Its stability is perfect
up to 1600 °C, thermal conductivity at approximately 1-1.3 W/(mK) within the
300-1500 °C range, and the thermal expansion coefficient value is 8 x 10 to
11.2 x 10 (1/K) for the 200-1400 °C range. Microhardness of both LTA and
YSZ is the same and equals approximately 7 GPa, however, cracking resistance
of LTA is lower.

. In study [1], the authors performed a similar synthesis, although barium car-

bonate BaCO; was used instead of Al,O5. The synthesis was also conducted at
1500 °C for 48 h in plasma atmosphere. The result is a perovskite-structured
material BaLa,Tiz0q¢ (BLT). Instead of lanthanum, other oxides containing
rare earth elements, such as Sm, Nd, Pr can be synthesised. BLT maintains
phase stability within the range from room temperature to 1400 °C, and sin-
tering resistance up to 1500 °C. It exhibits a linear increase in thermal expansion
during temperature rise up to 1200 °C. Thermal expansion coefficient is within
the 1 x 10to 12.5 x 10 1/K range, and such values are comparable to 7YSZ. Its
porosity is 13 %, while microhardness is within the 3.9-4.5 GPa range. BLT
thermal conductivity at 1200 °C equals 0.7 W/(mK), which is particularly
beneficent for TBC applications. Tests have demonstrated that it survives up to
1100 cycles of heating to 1100 °C and cooling to ambient temperature, while
material destruction occurred by way of TGO layer cracking. For YSZ, a result
of 1000 cycles before the appearance of first cracks was achieved.

Barium carbonate is also used in another synthesis using yttrium oxide [8].
Synthesis of BaCO3; and Y,03, two powders mixed together, was conducted at
1000 °C for 20 h in air. The product was BaY,04 (BLT). Next, everything was
crushed and sieved. Its thermal conductivity at room temperature is 3.9 W/(mK)
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and decreases to 1.9 W/(mK) at 850 °C. In order for the material to be usable as
TBC, its thermal conductivity must be lower than 2 W/(mK) within the entire
operating range. The tested material does not fully meet this condition.
Strontium was also considered instead of barium, although the results achieved
here were even worse and thermal conductivity at 1000 °C was as much as
3.3 W/(mK).

7. Strontium compound with zirconium and oxide SrZrO; doped with Yb,O5 and
Gd, O3 was also considered as a new composite for replacing YSZ [7]. Powders
used for synthesis were: StCO;, ZrO,, Yb,03, GdO;. First they were ground in
a ball mill and—after drying—roasted at 1400 °C. Subsequently they were
transferred to the ball mill again. The synthesis products have the following
formulas: Sr(Zry9Yby.1)0,.05 and Sr(ZrygGdy,)0;. Both additions result in
decreasing the thermal conductivity of SrZrO;. The addition of Yb,O3 has a
significant effect, since it causes a decrease in thermal conductivity, compared to
YSZ, by approx. 20 %. Using the additions mentioned above, similar
mechanical properties are achieved as for YSZ. The results of cycle testing
definitely disqualify the gadolinium oxide addition, since only 13 cycles are
achieved, while doping ytterbium in the form of oxide—as many as 806 cycles.

2.3 Conclusions

To date, there is no clear answer to what material can be used as a replacement for
YSZ to increase blade operation temperature and increase engine power. There are
several composite materials that could replace YSZ, such as: La,Zr,O7
LaTi,AlgOqg or Sr(ZrpoYbg 1)0,.05. However, there are currently no experimental
results confirming their properties when used under actual operating conditions.

Synthesis technologies mentioned in papers [1, 5, 7, 8], for materials based on
rare earth elements require high temperatures of 1000-1600 °C long process
duration, 24-48 h. As an alternative, paper [9] presents a plasma-based technology,
which significantly simplifies and shortens the process.

Very good results are achieved for hybrid coatings: metal-BC-TC—1-TC-2.
Further works should focus on such materials as La,Ce,O,/8YSZ and Sr
(Zrp9Ybg 1)02.95/'YSZ, which surpass typical YSZ coatings with their properties.
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Chapter 3
Thermal Loads

Thermal loads of combustion turbine blades can only be assessed by analysing their
temperature fields. Knowledge of temperature fields enables determining the
maximum temperature and temperature gradient values that decide thermal stresses
and deformations. Both exceeding the acceptable temperatures and stresses, and
excessive deformations can lead to damage, premature wearing out or incorrect
engine operation. Temperature field analysis enables calculating local values and
densities of heat fluxes, i.e. performing a complete analysis of heat flow.

Under stationary operating conditions, steady temperature fields appear in sec-
tions of the turbine, leading to steady state heat stresses. During engine start, after
closing fuel flow or after engine stop, and when working conditions alter, tem-
peratures in individual sections of the turbine change. If thermal loads are not
determined, there may occur much higher, dangerous temperature gradient values,
and in completely different parts of the engine than under stationary conditions.

Therefore, correct determination of acceptable working medium temperatures
before the turbine’s blade assembly requires knowledge of steady state temperature
distributions in the most thermally loaded parts of the turbine, i.e. in the stator
blades, rotor blades, turbine disc and turbine case. Studying transient temperature
fields is necessary for rational design and operation of turbine engines (Fig. 3.1).

3.1 Numerical Methods—Application of Finite Elements
Method (FEM) [1, 2]

As a result of the TBC structure and blade shape being highly complex, analytical
solution consisting in determining the temperature field with transient heat flow
states is a complex mathematical problem. Consequently, aside from precise ana-
Iytical equations, another solution is also employed using the FEM or the FED in
order to determine the temperature distribution in the entire volume.
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Fig. 3.1 PZL-10 W engine combustion
blade gases

Fig. 3.2 Boundary
conditions for heat conduction

X3
problem

RS

We will investigate the thermo-mechanical response of the structural element of
the jet turbine engine. In the general case, the structural element occupying a space
with volume V, surrounded by a surface S in an {x;} (i = 1, 2, 3) axis system of a
spatial coordinate system (Fig. 3.2) will be considered.

The essence of using FEM for solving field theory problems consists in dividing
the examined volume into a finite number of subdomains, i.e. finite elements
(FE) creating the FE mesh. The set of basic equations characterising analysed
thermo-mechanical problem is solved in approximated way to find the values of the
function sought in the FE nodal points.
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Discretisation of a geometric area in FEM can be achieved using FE of various
kind including curve-edged elements. The use of more geometrically-complex
elements does not create formal problems and most commonly neither does it lead
to greater numerical difficulties. At the same time, the possibility of using varied
elements, including curve-shaped ones, enables good approximation of even
complex boundaries of geometric areas.

The basic equations describing the phenomenon of undetermined thermal load in
a flexible and anisotropic material are as follows:

o Fourier’s law

qi = —kle,j, (31)
where
qi components of the heat flux vector g(x;, 1),
k;j components of the heat conductivity tensor k(x;, ),

T, (x;,t) = OT/Ox; temperature gradient.

e heat flow equation

oT
ii = pCy—o- 3.2
Gii+Q = pev (3:2)
where
(0] heat flow speed related to unit volume,
oT /ot time derivative of temperature field T'(x;, ?),

p(x;, 1) and ¢,(x;,7) are, respectively: density and specific heat.

By combining Egs. (3.1) and (3.2), the basic equation describing temperature
diffusion during heat flow is obtained

or or
<k8> 0902 (3.3)

Equation (3.3) is a general expression describing transient heat transfer problem.
All properties of the material are considered as functions of space {x;} and time ¢,
and anisotropy of the material is taken into account. In the simplest case, material
properties do not have to depend on time # e.g. p(x;), ¢,(x;), k(x;). Furthermore, the
thermal conductivity tensor is in the general case considered as symmetric k; = kj;.
If the material is anisotropic, heat flow does not necessarily have to agree with the
temperature gradient direction. For isotropic materials, thermal conductivity is
described as a scalar k = (1/3)k;0;.
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The thermal conductivity Eq. (3.3) must be solved with the following initial
boundary conditions taken into account:

e by stating the temperature distribution for 7 = 0,
T(x;,0) = To(x;,0) (34)
e by determining the heat flow flux on surface S,
qini = hyp (3.5)
e Dby determining the temperature distribution on surface St
T(x;,t) =T, (3.6)

where: S, + Sy = §, fi—unit vector normal to surface S.
Equation (3.3) can be solved:

e analytically, using the perturbation method, using the Laplace or Fourier
transform, or using a Green’s function,
e numerically—by using the FEM or FDM.

Further considerations focus on numerical approaches to solving Eq. (3.3).
Considering variational formulations of Eq. (3.3), it is assumed that a material or
structural element is subject to temperature changes 67 It is assumed that 67 meets
the previously stated boundary conditions. Next, after integrating with respect to the
entire material volume, we receive the following:

or or
/ |:pCV5 — (klj 8_xj> si —Q:| 0TdvV =0 (37)
Vv

After applying Green’s formula, we receive:

/ [(pc‘%—f - Q> 5T — (qiéT,,-)} dv + / hySTdS = 0 (3.8)
|4

q

The above equation can be solved using the FEM. In order to do it, the whole
material must be divided into a finite number of elements connected at nodes. When
shape functions in matrix form [N,] and vector {7}, defining temperature values at
nodes are available, the temperature field T(x;,¢) for every element “e” can be
determined:

T(x;,t) = N{T}. (3.9)
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Using Eq. (3.9), the temperature gradient can be determined in the following
form

or

Ox;
ae ¢ =[BT} (3.10)
ar
Ox3
where
[Be] = [V} [Ne}

[V(..)]=1[8(..)/0x; d(..))ox, O(...)/dx3]" is the differential operator
of quantity (...).
Fourier’s law is described by equation

q1
{a} =% q» p = —[ky|[BJ{T} (3.11)

q3

[k;] thermal conductivity matrix.

By introducing (3.10)-(3.11) to (3.9), we receive equations describing heat flow
in the following form

[CH{T} + KT} = {a} (3.12)
where {7} means derivative of time 7, and
[C] = / pey[Ne)T[N]dQ, (3.13)
Q
K] = / BT [BJae, (3.14)
" hpdS+ [ QN.)"dQ, (3.15)
T

Q space occupied by finite elements approximating the structural element,
S boundary surface.
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Fig. 3.3 Temperature distribution in a blade

Figure 3.3 presents the temperature distribution in the entire volume of a turbine
engine blade fragment, for a transient state. Temperature in the blade ranges from
655 °C in the middle section, with the highest thickness to 884.2 °C at the trailing
edge. Additionally, heat outflow to the blade rim was taken into account, and
consequently a lack of symmetry in temperature fields can be noted, when viewing
the top and bottom parts of a blade.

Such detailed information on temperature distributions can be provided neither
by experimental measurement methods utilising thermo-elements, nor the analogue
method. Distribution of temperature in the structural element volume is necessary in
order to determine the effort of the blade material and the TBC.

3.2 Deformation and Stress in Structural Elements,
Caused by Thermal Loads [1, 2]

Thermoelasticity is a field where mutual interactions of deformation fields and
temperature fields are studied by way of fundamental thermodynamics laws.

With temperature fields T(x,,, ) determined for the entire sample or structural
element (e.g. Fig. 3.3), it is possible to determine thermal stresses &,(x;, T,1).
Differential equations governing thermoelasticity are as follows:

e equation of motion:

G+ pfi = pii; in volume V, (3.16)

where:

f; are components of body forces per unit of mass,
it components of acceleration vector
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In quasi-static problems we have equilibrium equations:
G;;+ pfi = 0in volume V. (3.17)

e Duhamel-Neumann’s constitutive equation:

Gij = Cien — By(T — To), (3.18)
or
&j = Syuou + (T — To), (3.19)

where: 6;; and &; are mean symmetric tensors of stresses and deformations.
Ciju(xm, T) and Eijkl(x,m T) are components of elasticity tensors, mean or
equivalent to stiffness and compliance.
In the general case, the TBC composite material is non-homogeneous and
anisotropic and its properties may depend on position in space and temperature
T, ie. %;j(xy,T) and Bu(xm,T). o;; and B,/ here are second order symmetric
tensors describing anisotropy and non-uniform thermal properties of the
material.
Ty in (3.19) is an initial temperature of the thermal process,

e thermal conductivity equation in the most general form, including thermo-me-
chanical coupling:

or o .
(kija_x])ai = _Q+pcv5 +T0ﬂg,'55j, (3.20)

where &; denotes time derivative of the mean strain tensor .

A simpler version of (3.20), without coupling effect, is described by Eq. (3.3).
The equation of motion can be expressed in relation to components of dis-
placement vector u; using the constitutive Eq. (3.19) and definition of small
deformations:

1 — L _

3 {Cijkl,j (s +wik) + Cija (g + i) J} +pofi = pit + BT+ B, T (3.21)
Equations (3.20) and (3.21) constitute a system of equations used for finding
four function unknowns: u;,u;,u3 and T. The state of stress G;(x,,, T') can be
determined using the Duhamel-Neumann’s constitutive Eq. (3.18).

Thermal and mechanical properties of an isotropic and non-homogeneous elastic
composite material with perfect connection at the phase boundary are described by:

* Young’s modulus E(x,, T)
e Poisson number v(x,,, T)
e thermal properties of the material: &(x,,, T), f(x, T).
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3.3 Numerical Analysis of Temperature Fields in Critical
Elements of Turbo-Engines by CFD (Computational
Fluid Dynamics) with Application of FLUENT
Program

In order to determine the thermal loads, aside from material data, temperature fields
are needed as well. During operation, turbine engine blades heat in a non-uniform
manner, and the entire problem is additionally made difficult by the complex
geometric shape of the blade. For this reason, temperature fields in turbine engine
blades are obtained using computer simulations [3-5]. One such program is
FLUENT, included in the ANSYS software.

Generally, each simulation comprises three stages: pre-processing, calculations
(use of solver) and post-processing.

The first step of pre-processing is geometry preparation. It can either be done
directly in the ANSYS environment using the Design Modeler module, or imported
from another CAD system, e.g. SolidWorks. If a real blade model is available, 3D
scanning can be used, and subsequently, after geometry processing, only a selected
fragment may be subjected to simulation (Fig. 3.4).

Blade geometry must additionally be extended to include at least volume that
will constitute a channel through which exhaust is going to flow. It is created as a
normal solid. If cooling channels are present in the considered blade, an additional
solid model must also be created for air volume. During the end stage of model
preparation, three or more solid models must be combined (Fig. 3.5). They will be
automatically recognised in the program during further pre-processing steps.

Before a solution is achieved, discretisation must be performed in the specific
geometric system (Fig. 3.6). In a large simplification, this step consist in creating a
numerical mesh, i.e. dividing the studied continuous area into a finite set of geo-
metric primitives, that will subsequently be used to determine the nonlinear Navier—
Stokes equations solution:

Fig. 3.4 Actual steering blade of the PZL-10 W engine together with an isolated fragment
participating in simulations
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Fig. 3.5 Model construction for CFD simulations

Fig. 3.6 Finite element mesh

0 0 0 ow
E—Fwa—xj—wm Vi——a—xj + &is (3.22)

where v; are flow velocity vector components, @ is the kinematic viscosity, w—is
the specific (per unit mass) thermodynamic work (internal source), whereas g,—
represents body acceleration per unit mass (external source). For our case of flow,
fluid over the blade surfaces the nonlinear Navier—Stokes equations allow for
making of turbulent flow analysis (time dependent chaotic behaviour) with e.g. k—¢
model (turbulence kinetic energy model).

Mesh creation boils down to dividing the object into spatial solids (tetrahedrons,
cubes) which have common points called nodes.

Two primary types of FE meshes are distinguished in CFD calculation methods:
structural and non-structural. Non-structural meshes are used more commonly due
to complex geometry and their non-uniform density. Mesh density should be
greater in the area of expected high flow gradients, secondary and turbulent flows.
The greater the mesh density, the greater calculation precision is expected, although
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Shear stress (1) [Pa]

Shear rate (7) [s7]

Fig. 3.7 Newtonian or no-Netownian fluid behaviour

outlet air

Fig. 3.8 Indication of boundary conditions

it is paid for with an increase in computer processing power demand, which
increases the calculation time.

Another important pre-processing phase that significantly affects the obtained
results is the definition of fluid properties, and particularly specification whether the
fluid is Newtonian or non-Newtonian, Fig. 3.7. In the case of non-Newtonian
fluids, the rheological equation describing the studied medium must be defined.

The pre-processing stage concludes in specifying the boundary conditions in
space and time domain (initial conditions). It consists in indicating the surfaces
limiting the calculation area and arbitrary assuming the flow conditions in these
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places (Fig. 3.8). In order to define the boundary or initial conditions, their nature at
the inlet, outlet and wall must be defined.

The inlet is in other words a place (fragment of a boundary) where fluid inflow
occurs. Speed or pressure field is defined here, most commonly it is assumed to be
flat, unformed.

The outlet is a boundary of an area where outflow of the medium occurs. Most
commonly a zero (reference) value of pressure is defined.

A wall means a surface impermeable for flow, equivalent to rigid walls. Here,
there are several options available. First, walls can have a pre-set temperature, or
they may be adiabatic, lack of slide of the fluid along structural elements may also
be assumed.

The second step of numerical analysis is referred to as processing. It is the
proper part of the calculation endeavour, where problem is solved numerically
using the solver, after it has read pre-processing data concerning the studied
geometry of the object and the boundary conditions.

Post-processing is the last step of flow modelling. Its aim is to analyse and
present the obtained data, and process them into a graphical form. Visualisation of
simulation results involves creating charts, histograms, contour maps, isolines or
animations.

Figure 3.9 presents temperature maps obtained by simulating the effects of
exhaust gases on a blade with a cooling hole. Due to the fact that the model
comprised several separate parts, each of them may be presented separately in the
visualisation.

(a)

I I ey
&Ml

Fig. 3.9 Temperature maps a exhaust, b air, ¢ blade and d coating
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An important stage after conducting CFD simulations is temperature mapping.
This process consists in pre-importing the same geometric model of a blade that
was used in the FLUENT program to the ABAQUS program. In ABAQUS, a finite
element mesh is generated, after which an .inp file is created. When in the volume
Fluid Structure Interaction (FSI) Mapping window (FLUENT), temperatures are
mapped onto the generated mesh (.inp file) after selecting ABAQUS as the output
file type. The new .inp file must be recalculated in ABAQUS in order to acquire an
.odb results file with the temperatures. Indicate the path to the .odb file in ABAQUS
in the Predefined Field position as initial temperatures when studying thermal
shocks and, consequently, when determining stresses.

3.4 Conclusions

In the case of turbine engine blades, in order to obtain temperature fields in the
entire volume, it is necessary to perform numerical flow simulations. Current
development and advancement degree of programs designed for FEM enables
exporting the obtained results as temperature fields directly into structural simu-
lations, and as a result, determining material effort. Additionally, there is the two
way FSI simulation, where both the fluid affects the solid, and the solid can affect
fluid flow. The next step in development will be making optimisation of both
geometric parameters of the solid and of flow parameters more common.
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Chapter 4
Mechanical Loads

Mechanical loads affecting turbine engine blades include: loads caused by static and
dynamic interaction of the flowing medium with the profiled part of the blade, body
loads caused by centrifugal forces, and loads caused by elastic vibrations of blades
and the entire rotor. During work, the following stresses occur in blades of turbines
and axial compressors:

Tensile—caused by centrifugal forces of rotating blade and shroud bodies,
Bending—from the medium pressure on the profiled part,

Bending—from centrifugal forces affecting the rotating blade body,
Tangent—from torsional moments of forces, caused by the flowing medium,
Tangent—from torsional moments of blade body forces,

Bending—caused by perpendicular vibrations of the blade,

Tangent to torsional vibrations of the blade’s working part.

Normal resulting stresses, in any transverse cross section of the blade, are cal-
culated as the algebraic sum of normal component stresses. Strength calculations
seek places where the greatest normal or reduced stresses are located.

In order to obtain the values of reduced stresses originating from such a complex
system of loads, it is necessary to use numerical methods.

4.1 Preparation of Model for Simulation

PZL-10 W engine propulsion turbine (Fig. 4.1a) comprises 51 blades (Fig. 4.1d).
Blades are fixed to the disc using fir tree slots.

Due to the symmetry, further analysis was performed for one blade and a section
of the disc (Fig. 4.1b). In order to reduce the calculation time, a major portion of the
disc below the fir tree slots was cut off. The material used for production of the
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Fig. 4.1 3D model

above-mentioned blade is ZS6U. The simulation included an elasto-plastic
description of the material, together with changes that occur under the effects of
temperature. The elastic material behaviour is described by (3.17). The Huber-von
Mises plasticity yield criterion was applied to obtain plastic strain increments in the
following form:

f(og,0,) = Da(oy) = (1/3)(0,)* = 0, (4.1)

where J;(0;;)—is the second deviatoric stress invariant, o,—is the yield stress. The
corresponding flow rule is given by

of

de) = dz 5oz dis;, (4.2)

where sf;-—is the component of plastic strain, s;—is the component of stress
deviator, whereas d/ is a variable relating to the plastic strain.

Tensile rupture strength o, and yield stress o, characteristics of the ZS6U alloy
are presented in Fig. 4.2.

Due to the fact that maximum stresses occur for the maximum rotational speed,
which is approx. 29,500-30,000 rot/min, static analysis was used in the simulation.
The model also takes into account the contact in the fir tree slots, introducing a
friction coefficient.

However, the most important stage is definition of boundary conditions. In
Fig. 4.3a, pink colour denotes the surfaces that can only be displaced along the
direction of the centrifugal force. Figure 4.3b presents another boundary condition—
mounting of the disc section with blade in the rotation axis of the rotor. For the entire
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Fig. 4.3 Boundary
conditions

model volume, rotational speed, which constitutes the main load, was also defined,
equalling 30,000 rot/min.

The last step before running the analysis is applying the finite element mesh.

Due to the high degree of geometry complexity, C3D4 tetrahedron elements
were used (Fig. 4.4). The effects of mesh density on results in the given blade point
were also analysed. The amount of elements and differences in results between
subsequent models are presented in Table 4.1.

Differences in results of 0.1-1 % prove that mesh density was selected properly.
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Fig. 4.4 Element mesh

Table 4.1 Comparison of
finite element meshes

4 Mechanical Loads

I mesh

II mesh

IIT mesh

Amount of elements in models

Mounting 14,682 17,624 30,252
Blade 51,540 82,892 184,961
Difference (%) - 1.35 0.11
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4.2 Analysis of Results

As a result of the conducted simulation, the Huber-von Mises reduced stress fields
(6,.4) Were obtained. Maximum stress values occur at its base on the negative
pressure side, in close proximity to the edge of attack. In order to determine the
values of loads more precisely and visualise their distribution within the blade, an
A-A cross section was prepared. The maximum value noted was 454 MPa
(Figs. 4.4, 4.5 and 4.6).

Fig. 4.5 Stresses in the blade

S, Mises
(Avg: 75%)

+4.,60e+08
+4.22e+08
+3.84e+08
+3.46e+08
+3.06e+08
+2.70e+08
+2.31e+08
+1.93e+08
+1.55e+08
+1.17e+08
+7.91e+07
+4.10e+07
+2.96e+06
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Fig. 4.6 Stresses in the A-A section
dangerous cross section
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The model presented in this point will be extended in the further chapter of the
book for the purpose of analysing TBC damage in the most dangerous point of the
blade.

4.3 Blade Vibrations Resonance

Main causes of turbine engine blade vibrations include the following:

e periodic changes of air and exhaust stream parameters in the engine’s flow
channel,

impulse nature of the chamber combustion process,

excessive engine imbalance,

toothed wheels of reduction gears,

effects of gravity forces.

Blade vibrations cause the occurrence of periodically changing fatigue stresses
oy that can be (together with stresses resulting from other loads) the cause of serious
engine damage. It is estimated that crossing this critical limit o7 causes of up to
60 % of blade breaks, and breaking just one usually leads to damaging others and
increasing engine imbalance, resulting in its unstable work.
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In the case when frequency forcing the vibrations matches the blade’s proper
vibration frequency, resonance ensues, leading to increased deflections, which in
turn result in increasing stress amplitudes. Longer operation under resonance may
lead to blade damage or destruction as a result of material fatigue.

Knowledge of the blade’s proper vibration forms and frequencies enables ana-
lysing the expected damage and effects of the scope and condition of the engines
operation on occurrence of damage.

Assessing the blade’s proper vibration frequencies is very difficult due to its
complex shape and the nature of loads it is subject to. For this reason, the blade’s
vibration frequency and form are primarily determined by way of calculations using
the FEM that make use of their three-dimensional numerical methods. Proper
vibration frequencies and forms determined this way are subsequently verified
experimentally at test sites.

In order to determine the effects of ceramic TBCs on the vibration frequency, we
have performed our own numerical tests. The object was a working blade of the
engine. Two cases were considered, one where the blade had no coating, and the
other with a TBC (Fig. 4.7).

The effects of rotor rotational speed and of temperature on the proper vibration
frequency are presented in the later part of the subsection.

Figure 4.8 presents the first four forms of the engine working blade proper
vibrations. With transverse vibrations (and only these), deflection occurs in relation
to the axis of the profile’s lowest stiffness, and cross sections perpendicular to the
blade’s longitudinal axis do not change their shape, and only deflect, remaining
perpendicular to the bent axis (Fig. 4.8a). With torsional vibrations, transverse cross
sections (profiles) of blades rotate around their stiffness centres without deformation
(Fig. 4.8b).

Due to centres of mass and stiffness of a blade’s transverse cross sections not
matching, transverse vibrations cause the occurrence of torsional vibrations and
vice versa, which lead to simultaneous transverse-torsional vibrations occurring

Fig. 4.7 Blade dimensions A-A section
! [ without TBC
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0,3mm TBC

-

56

10,




32 4 Mechanical Loads

(c)

Fig. 4.8 Forms of PZL-10 W engine working blade vibrations: a transverse, b torsional,
¢ transverse-torsional, d vibration node

(Fig. 4.8c). When local forms of blade vibrations occur, its transverse cross sections
deform, and node lines also position themselves parallel to the blade’s longitudinal
axis (Fig. 4.8d).

In comparison to resting frequencies, rotor blade proper vibration frequencies
change during an engine’s rotational movement, since they are located in the
centripetal acceleration field then. Centrifugal forces, affecting the blade body, have
a stiffening effect on the blades, reducing vibration amplitudes and simultaneously
increasing their frequencies with the increase in rotor rotational speed.

Figures 4.9, 4.10, 4.11 and 4.12 present numerical results of proper vibration
frequency changes throughout the operating range for the considered engine blade,
for a coatless blade and for one with a TBC (t = 20 °C for all cases). When
analysing the charts, the effect of the rotational speed is the most visible for the first
form, and vibration frequency increase is approx. 18 %, considering the extreme
rotational speeds. The application of ceramic coatings results in decreasing the
proper vibration frequency throughout the speed range, in the case of the coatless

Fig. 4.9 Results for the first 1900 +

roper vibration form —+blade without TEC -#-blade with TBC
prop 1800 - A
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>
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Fig. 4.10 Results for the
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differences range from 4.7 to 7.4 % and increase
For the fourth form, the differences are smaller and

fall within the range from 0.7 to 1.7 % for the coatless blade.

Working part temperature significantly affects the blade’s proper vibration fre-
quency. Temperature increase entails reduction of the material’s longitudinal elas-
ticity modulus value, which causes a change in the proper vibration frequency [1].

Figures 4.13, 4.14, 4.15 and 4.16 present results of heating temperature of the
PZL-10 W engine working blade profile section for a coatless blade and for one
with a TBC (for rotational speed equal to 0). For all forms, a reduction in proper
vibration frequency by approx. 12.8 % occurs in relation to an unheated blade.
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Fig. 4.13 Results for the first
proper vibration form

Fig. 4.14 Results for the
second proper vibration form

Fig. 4.15 Results for the
third proper vibration form

Fig. 4.16 Results for the
fourth proper vibration form
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The application of ceramic coatings results in decreasing the proper vibration
frequency throughout the temperature range, in the case of a coatless blade. For the
first form, these differences range from 4.7 to 7.7 % and decrease with decreasing
temperature. For the fourth form, the differences are smaller and fall within the
range from 0.7 to 5.3 % for the coatless blade.

The use of TBCs on the blade’s working surface entails two changes affecting
proper vibration frequency. It is a change of the cross section’s moment of inertia,
and change of temperature caused by the insulating properties of the ceramic
coating.

4.4 Conclusions

When designing turbine engine blades, it is necessary to take into account the
resonance phenomenon that may occur during operation. Due to the complex shape
of the blade, as well as the effects of temperature and rotational speed on the blade’s
proper vibration, performing numerical tests is necessary. In the above section, the
conducted numerical tests were discussed, determining the first four forms of proper
vibrations, and analysing the effects of temperature and rotational speed on the
frequency value.

Later in the book, the FEM model constructed in the ABAQUS program and the
obtained results will serve as the global model during analysis of the most efforted
micro- and macro-fragment, taking into account the TBC presence on the surface.
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Chapter 5
Environmental Loads

Turbine engines need to be supplied both with fuel and oxygen contained in the air.
The most important parameter of aviation fuel is its chemical composition, which
decides the fuel’s operating properties [1].

In sandy areas, air composition may also change with the presence of hard
particles which, moving in the turbine’s flow through section at speeds of approx.
700 m/s, can lead to erosive destruction of turbine blades.

Therefore, a combination of several factors, such as presence of chemical
compounds facilitating corrosion, hard particles and temperature, creates environ-
mental loads that can lead to corrosion, erosion and—most commonly—both of
these phenomena together.

Below, both of these factors will be discussed, mainly in relation to blades with
TBCs.

5.1 Corrosion

Corrosion of combustion turbines is an adverse phenomenon limiting the ability to
increase thermal efficiency due to the existence of critical temperature, above which
rapid corrosion begins [2, 3]. Exhaust aggressiveness depends largely on the fuel’s
chemical composition and type, conditions of its combustion and temperature at
which exhaust contacts the structural materials.

Corrosion occurring in protective coatings TBCs has been the object of several
studies [4-9]. TBC layers were tested in turbines for the first time about 40 years
ago. The Pratt and Whitney Company used zirconium-stabilised MgO, coating
combustion chambers at the beginning of 1960s. Until the beginning of 1980s, YSZ
coatings applied using the APS method were utilised. In the 1980s, a new tech-
nology of coating application was introduced—EB-PVD—and it was used for
applying the top coat (TC) layer of rotating blades [8, 10].
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The EB-PVD (Fig. 2.2) coating structure has a number of advantages. Due to
the column-like structure, it is more flexible and better able to survive deformations
occurring when the thermal expansion coefficients of the bond coat (BC) and top
coat (TC) are not matched properly. Columns in an EB-PVD structure can move
independently, which ensures high tolerance for deformations appearing during
operation [1, 11]. Despite the advantages, the duration of operation can be signif-
icantly shortened, should CMAS corrosion occur. It is an abbreviation of the first
letters of Latin element names such as calcium, magnesium, aluminium, and sili-
cium [6]. Therefore, CMAS contains chemical compounds such as CaO, MgO,
Al,03, and SiO,, which may be present in the air, particularly when taxiing on the
airfield or during flight over desert terrain. It has been observed that very small
particles, of a 10 pm diameter, can penetrate the purification system and reach the
combustion chamber. Melting point of a mixture of such compounds ranges
between 1240 and 1260 °C. These particles do not have sufficient kinetic energy to
damage a TBC layer, but they are deposited on the edge of attack. A melted CMAS
mixture penetrates into pores between columns, and degrades the coating chemi-
cally and microstructurally. As a result of cooling, CMAS changes its state and
remains as a solid between EB—PVD coating columns. The coat’s thermal and
mechanical properties change this way. Its thermal conductivity increases, and the
TBC no longer offers protection against thermal shocks and the coating loses its
properties [4, 7]. Kramer [12] in particular studied the effects of CMAS deep within
coatings and concluded that the mentioned melted mixture rapidly penetrates open
structures of EB—PVD. Furthermore, Kramer calculated that CMAS needs less than
one minute to penetrate 100 um into a TBC, even at temperatures below 1240 °C.
Maximum TBC operating temperature is therefore limited by CMAS capillary
penetration into the coating structure.

According to the Honeywell Company, determination of a TBC layer lifespan
depending on CMAS depends on the following factors that can be divided into
groups:

e airplane operation: type of airfield, flight altitude, flight time, engine shutdown
time;

e engine construction: inlet air filtration efficiency, TC temperature, BC temper-
ature, TBC thickness, gas pressure, gas velocity;

e material: TBC microstructure, TBC composition.

In order to prevent CMAS from penetrating into spaces between columns,
Honeywell employed YSZ spraying onto a layer of columns deposited by
EB-PVD. On the other hand, Levi used Gd,Zr,O5 sputtering on EB-PVD columns,
which rapidly reacts with CMAS and creates a thick, 5-10 um barrier that protects
from penetration of the undesired mixture.

As reported in [5], one method of preventing corrosion can also be washing
elements working at high temperatures in accordance to a specific procedure,
depending on the airplane’s role, e.g. before every take-off or once a month. An
alternative method of determining the frequency of washing engine elements may
be the use of a borescope.
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In order to limit corrosion and CMAS occurrence, it is necessary to maintain air
purity using high-efficiency filters and observing acceptable alkaline metal contents,
e.g. for Na + K, the value for air must range between 0.2 and 0.6 ppm, 0.5 ppm for
vanadium and a maximum of 1 % for sulphur. Another method of controlling
corrosion can also be the use of fuel additives, e.g. an addition of magnesium can be
used to control dangerous vanadium, as the resulting compound Mg3zV,0g has a
high melting point. Addition of tin is used for controlling NaCl by lowering its
electrochemical potential [5].

As a last point, it must be noted that CMAS can be more dangerous for new
engines, where higher temperatures and their gradients occur [6].

5.2 Erosion

During airplane taxiing on the airfield or during takeoff, solid particles present in
the air may be drawn into the engine. Their majority is stopped at the compressor’s
blades, but the smaller ones can penetrate into the working turbine section [13].
Considering the aerodynamics, particles larger than 20 pm should not hit the edge
of attack or its vicinity. Studies demonstrate that particles larger than 100 pm hit
blades whose linear velocity is 500-600 pm and they have sufficient energy to
erode TBC. A hit by a particle larger than 500 pm is sufficient to chip the TBC
layer BC [6].

Erosion is commonly considered the second mechanism that thins TBC layers as
insulation layers. In many cases, it is even removed completely [8, 14].
Furthermore, TBCs are more susceptible to erosion than fully ceramic materials,
since they include porous structures. Coatings deposited using the APS method
have 10-15 % porosity, while coatings deposited by the EB-PVD method have a
column structure and porosity of approx. 10 % [10].

Comparisons of erosion speed of both these coat types were made in [10]. The
eroding materials were aluminium or silicon particles having sizes 40-100 pm and
speeds of up to 300 m/s. Various angles of eroding material impacts and various
speeds, temperatures and particle sizes were analysed. The main conclusion was
that in all cases, erosion speed for coatings deposited by the APS method was
higher than for EB-PVD.

Depending on the utilised method of coating deposition (APS or EV-PVD),
different stages or types of erosion can be distinguished. In paper [15], the authors
identify three types for coatings deposited by APS:

e Jlow erosion speed—Ilow damage,
e medium erosion speed—damage around foreign particle impact site,
e high erosion speed—tunnel formations in the coating surface.

For EB-PVD coatings, at least two erosion mechanisms can be distinguished.
They have been termed foreign object damage (FOD) and can be classified as
follows:
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e the FOD I mechanism applies to large damage transverse to the columns; this
damage may propagate down to the thermally growth oxide (TGO) layer,

e the FOD II mechanism is a little different, as in this case, energy is absorbed
during deformation (buckling) of the coating’s columns.

Description of the foreign object impact itself on the EB-PVD structure is
presented in [16] and comprises several stages:

within 30 ns, an elastic wave propagates down to the TGO layer,
tensile wave is reflected and propagated,

e at the same time, after 5-10 ns, the upper sections of columns are bent. The
bending time is approximately 100 ns,

e after a longer time, approximately 50 ns, when the impact velocity and tem-
perature are relatively high, plastic deformations appear,

e increased density zone develops for approximately 1 ms, until the foreign object
is rebounded.

Detailed test results, effects of morphology and ageing on coating layers formed
using the EB-PVD method are presented in [17]. These studies indicate that erosion
rate decreases with decreasing column diameter, while ageing increases erosion
rate. Foreign object impact angle on the sample surface was also taken into account.
It appears that impacts perpendicular to the surface are not dangerous, while as the
impact angle decreases, erosion rate rises, while the threshold value is an angle of
10°-20°, when a catastrophic increase in erosion rate occurs. These studies stress
how many factors affect the lifespan of protective coatings.

In [18], authors note that performing simulations of solid particle impacts on
blades with deposited protective TBC layers is very difficult. It is caused for
example by differences in the order of size of finite elements, assuming that column
diameter is approximately 10 um, the foreign object is 100 um, while blade length
is several tens of millimetres. This fact makes performing a reliable simulation with
an accurately represented TBC layer impossible. However, as claimed by the
authors, one of the main forms of deformation is bending of EB-PVD columns, and
in this case 2D simulations should be employed.

As a result of difficulties in preventing micrometre-sized particles occurring in
the exhaust gases, designers have limited trust for the utilised coatings, particularly
on edges of attack [6].

5.3 Thermally Growth Oxide (TGO) Layer Growth

In a pure combustion gas environment, the coating lifetime is limited by TGO layer
development, which causes damage process of the TBCs systems [6].

In order to increase the TBC lifespan, considering the damage mechanism
resulting from TGO layer development, the following solutions are proposed [6]:
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reducing aluminium oxide growth,

ensuring high TGO purity,

minimising TGO-caused stresses,

ensuring that a-aluminium is present in the TGO,
slowing down BC rumpling,

minimising mismatches in thermal expansion between the bond coat and the
metal alloy,

increasing BC resistance to creeping,

improving adhesion between TGO and TC,
improving adhesion between TGO and BC,
minimising sulphur activity.

5.4 Author’s Own Tests of Moving Blade Surface,
Including Chemical Analysis

Figure 5.1 presents microscope-magnified images of two points on a turbine blade:
at half of its length, and at its bottom part. Note that the blade has already reached
appropriate service life and has been withdrawn from operation. Analysis of these
points indicates that the blade’s lower part is highly exposed to corrosion and
corrosive affects of exhaust gases, demonstrated by visible pits that form the not-
ches mentioned above.

Notches situated in the lower part of the blade are more dangerous, since that is
where the maximum stresses originating from blade bending occur during its
operation, as demonstrated by Fig. 5.2.

Fig. 5.1 Turbine blade
surface




42 5 Environmental Loads

Fig. 5.2 Stress distribution
in the turbine blade

Additionally, chemical analysis was performed for several points of the blade; in
order to determine the percentage content of individual elements, their average
content is presented in Fig. 5.3. In total 13 elements were detected, of which Ni, Al
and Mo are elements comprising the alloy that the blade is made of, and their total
share of weight is the greatest. The next element is carbon. It originates from
aviation fuel combustion and takes the form of individual soot grains, as presented
in Fig. 5.4. The next two elements with a significant percentage content are Al and
O. Aluminium, as mentioned above, is also an element of the blade, and forms the
Al,O3 compound with oxygen. Similar to Na, Si, K, and Ca, aluminium can also
originate from the soil, e.g. during a helicopter’s takeoff or landing, dust rises and
can be drawn into the engine. The presence of chlorine is also dangerous, as it can

Fig. 5.3 Chemical analysis
of the surface
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Fig. 5.4 Soot grain

form a compound with sodium, forming an aggressive environment that fosters
corrosion.

Therefore, the relation of chemical and electrochemical corrosion with the
forming pits caused for example by impacts of solid particles, like sand, will cause
reduction in fatigue resistance of blades, as proven by results of microscopic
observations and chemical analysis of the working surface.

5.5 Conclusions

Modelling corrosion and erosion environments is becoming a very difficult problem
from the perspective of numerical simulations. The conducted microscopic obser-
vations of the blade after an exhausted service time indicate that there are places
affected by corrosion to a greater and lesser degree. Modelling such phenomena
would require performing FSI simulations, with moving solid particles that damage
the blade additionally taken into account. At present, numerical methods are not so
advanced in terms of chemical corrosion occurrence as well.

An interesting phenomenon is CMAS corrosion, which can be executed in
micro-scale for EB-PVD coatings in order to assess how thermal and mechanical
properties of the coating degrade, since columns filled with solidified CMAS are no
longer flexible, so they can be damaged more easily.
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Chapter 6
State of Arts in Experimental Testing
of TBCs Systems—Literature Analysis

6.1 Review and Analysis of Currently Utilised Tests

Tests of TBC strength properties are complex and require utilising many modern
methods. This results in numerous scientific and technical problems arising during
tests of strength properties of ceramic layers deposited by APS or EB-PVD
methods. Their sources, related to:

e production technology of the TBCs,
¢ loading history of samples taken from different parts of the airplane engine,
e manner of laboratory samples preparation and type of utilised experiments.

The above problems can be grouped as follows:
L. issues related to layer deposition:

selection of substrate material,

selection of bond coat material,

bond coat, top coat thickness,

bond coat roughness,

burner distance from the substrate, and its power (APS method),
substrate heating before layer deposition (internal stresses).

IL. issues related to loading history of the samples: (1) taken from the real aero-
engine, (2) new laboratory samples with artificial simulation of the real air-
plane loadings determined by:

e Ageing—in order to trigger TGO growth,
cyclical heating and cooling—in order to fatigue the coating material,
number of cycles, time, temperatures, rate of heating and cooling,
atmosphere.

IIl. type of test employed to determine parameters of substrate cracking or critical
deformation mechanics that lead to TBC damage:
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uniaxial tensile test (UTT),

bending test (3-PB, 4-PB, mixed mode, non-standard),
barb test (pure shearing),

indentation method,

tearing test (double cantilever beam),

elevated temperature tests,

tests at various speeds,

thermal fatigue tests.

IV. types and methods of data acquisition during testing:

e acoustic emissions,
e values of force, displacement and deformation,
® microscopic tests.

Solving these problems were published in many articles concerning the exper-
imental testing. Below, a summary analysis was performed for each of the above
points in turn.

L. issues related to TBC layer deposition.

The most obvious solution that comes to mind when selecting the substrate material
for experimental testing of the TBCs systems is a material identical to that which
the blade itself is made of. These are nickel-based superalloys, such as Inconel 718
[1, 2], Inconel 738LC [3, 4], Inconel 625 [5], CMSX4 [6-8].

The listed alloys are characterised by excellent strength properties, and conse-
quently they are very difficult to work, less available on the market and relatively
expensive. For this reason, several papers [9—12] mention the material SUS304,
according to a Japanese standard, and it is a polish equivalent of stainless, chrome—
nickel steel OHI8NO9, widely available on the market, e.g., as rolled sheets.

There is also a range of samples similar to those used in tearing tests [13], where
making the whole sample of Inconel or OHI8N9 steel would be rather expensive,
and due to its strength, difficult. Therefore, in low-carbon steel is used in such cases.
This is particularly important when not conducting ageing tests at high tempera-
tures. Low-carbon steel has also been used as substrate in studies [12, 14]. Thermal
and mechanical properties of low-carbon steel are commonly available in literature,
e.g. [15].

The closest to reality is using substrate cut out directly from a blade (from a
relatively flat part), e.g. [16]. These samples had dimensions 0.5 X 2 x 12 mm,
which requires specialist universal testing machines, as loading forces during
bending are in the order of several tens of millinewtons.

Another issue is surface preparation and related roughness. The primary cri-
terion that a TBC system must meet is providing very good adhesion between BC
and the ceramic TC [6, 8, 10, 17]. In a large majority of studies, this parameter was
ignored, although several authors did study its effects on TBC systems. In paper [§],
authors analysed samples subjected to bending, where roughness was R, = 8.71 pm
and R, = 9.52 pum. It was achieved by using powders with different granularity.



6.1 Review and Analysis of Currently Utilised Tests 47

Crack propagation was studied and energy release G. (Nm) was compared. For
samples subjected to various ageing times, from 0 to 200 h, it could not be con-
cluded that ageing had any effects. The differences are in the order of a few percent.

Authors of paper [6] voice another opinion, as the results of their tests
demonstrate that roughness R, = 10 um results in extending a TBC system’s
lifespan in comparison to samples with roughness R, = 7 pm. Therefore, as can be
seen, there are some differences on this subject and comprehensive studies are
required.

The next issue concerns bond coat thickness and material. The BC constitutes an
intermediate phase between the substrate and the ceramic coating. It fulfils several
important roles. First of all, it serves:

e to compensate deformations resulting from differences in thermal expansion of
the substrate and the coating,
as a source of Al, since a sealing layer of Al,O3; forms during operation,
to provide coating adhesion to the substrate.

In general, the material that the bond coat is made of is described using a
MCrAlY formula, where M is Ni and Co. The bond coat percentage composition
varies, for, e.g. comprising 32 % Ni and 21 % Cr or 23 % Ni and 8.5 Cr. This issue
also requires a more precise expression of information, tabulation guaranteeing that
specific substrates and TC are used with appropriate BC that provide optimum
cooperation in all ranges of temperatures.

Instead of selecting an appropriate chemical composition, authors of study [12]
consider using FGM (Functionally Graded Material) layers. Here, a system com-
posed of 6 layers was used: 100 % YSZ, 80 % YSZ + 20 % BC, 60 %
YSZ + 40 % BC, 40 % YSZ + 60 % BC, 20 % YSZ + 80 % BC, 100 % BC.
Such structure results in increased resistance to thermal shocks.

In order to confirm the phenomenon of quick degradation of a standard coating,
authors of this study have performed their own tests using the ABAQUS program,
involving the application of a compressed thermal-displacement step for a section
of a standard coating (substrate, BC, TC) and for an FGM coating described above.
Dimensions of both coatings are provided in Fig. 5.3. The simulation concerned a
steady state, where a temperature of 1000 °C was maintained in the upper part of
the coating, while 20 °C—in the lower.

Material data is summarised in Table 6.1. In the case of the FGM coating, this
rapid increase occurs only for the last coating, counting from the substrate, while
for the other layers, no large temperature jumps are visible. Of course, temperature
jumps are undesired, since when the contacting phases differ in thermal expansion,
thermal stresses appear.

As a result of the conducted simulation, temperature fields were obtained, as in
Fig. 6.1. In standard coatings, a “cold” zone can clearly be distinguished of the
substrate and BC, and subsequently a quite quick rise up to the maximum tem-
perature after passing the boundary between BC and TC.

Ultimately, what the effect of non-uniform temperature fields and their rapid
jumps is can be observed in Fig. 6.2. Normal stresses on a direction along the x axis
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are displayed here. For a standard coating, the stress jump is visible on the
boundary of the BC and TC layers, while for the FGM system—on the boundary of
the 100 % YSZ and 80 % YSZ—20 % BC layers. These are tensile stresses and if
the threshold is exceeded, then the standard layer will be degraded very quickly. It
must also be stressed here how important contact and adhesion at the interface of
BC and TC are for standard coatings.

Similarly, in actual tests, the authors also observed a higher durability values for
FGM-based coatings. However, a coating of this type has at least two basic
drawbacks:

e relatively high thickness (1 mm) of the coating is in many cases unacceptable,
as it significantly affects flow parameters in the turbine. Generally speaking, the
coating simply becomes “too thick”,

e much higher costs related to longer and more complicated spraying process.

These two factors led to a current lack of information on practical applications of
such solutions in literature.

An important technological parameter during BC and TC deposition is the
burner’s distance from the coated surface, as well as its power. The effects of a
plasma burner’s distance and power on strength parameters are discussed in studies
[10, 12, 13, 18].

Paper [18] analysed the effect of burner’s power for a Al,03/ZrSi0, coating with
a 3:2 ratio. Two powder types were utilised: regular dried, and one undergoing
spheroidisation in the plasma stream. The powder that undergoes spheroidisation
not only has a regular shape, but is also devoid of visible pores at the same
microscope magnification. Therefore, the TC layer structure is more cohesive and
offers better sealing, which leads to greater durability and delays TGO layer growth.
Consequently, the use of dried or spheroidising powders is another technological
parameter that may affect the coating’s strength parameters and durability.

In study [18], the authors tested five sample types in total. Two types of
40 kW-power devices and a computerised 100 kW system were used to create the
ceramic layers. Samples were designated as follows: SD40, SP40, SD100, SP100A,
SP100B, where individual letters mean: D—dried powder, P—powder subjected to
spheroidisation, A—plasma arc energy 15 kW, B—plasma arc energy 19 kW.
Numbers mean the power of the device. The obtained results lead to concise, clear
conclusions:

e the use of the spheroidised powder-based coating, at the same burner power,
leads to increasing cracking resistance in approx 60 % SD40 and SP40 samples,

e use of greater burner power, with the same powder, leads to increased cracking
resistance in approx. 86 % of SD40 and SD100 samples.

The effects of plasma burner distance on mechanical properties was also anal-
ysed in paper [13]. The Al,O5 layer was executed using GP-80, JIUJIANG system,
80 kW class. The authors describe the type of utilised gases, their pressure and flow
values in detail. Coatings were deposited using a 39 kW arc at four different
distances from the substrate: 70, 90, 110 and 130 mm. For each of the listed
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distances, six TDCB (Tapered Double Cantilever Beam) samples were prepared.
After conducing observations of the damaged surface, it was noted that cracks
developed at interface between the metal sample and the coating. Preparing the six
samples was important in this case, as the authors provide information on the spread
of results as well. It is the lowest for 70 mm distance of burner from the substrate,
and the highest for 90 mm. A sudden drop in energy release rate is also clearly
visible after exceeding 110 mm. Therefore, the most beneficial is positioning the
burner 70 mm from the substrate surface.

Exactly the same distance was utilised by the authors of study [10], achieving
energy release rates ranging from 22.15 to 37.8 J/m>.

Similarly, in paper [12] a negative effect of increasing the plasma burner’s
distance at ranges above 110 mm can be observed. In this study, not only burner
distance but also substrate thickness were taken into account. In total, six types of
samples can be distinguished, which were deposited from a distance of 120 mm at
32.5 kW power, and from distances of 125-130 mm at 38.5 kW power. Three
substrate thicknesses were utilised: 1.5, 3 and 5 mm. The authors gathered the
results in a chart of density of cracks per 1 mm in a function of deformations. They
formulated the following conclusions:

e cracks appear earlier for samples which had their layer sprayed from a distance
of 125-130 mm,

e crack density, for the given deformation, is greater by 30-50 % for coatings
deposited from a distance of 125-130 mm.

At the end of this subpoint, study [1] must be noted. It raises the extremely
important subject of obtaining information on material parameters for actual coat-
ings by directly testing them. The paper concerns EB-PVD coatings that have a
column structure, usually of a 0.2-0.3 mm thickness. Direct testing of materials
with such low thickness in very difficult in practice. The authors proposed a method
that involved creating an EB-PVD layer on a substrate without a BC, while the TC
itself was deposited in multiple stages, and its thickness reached 1 mm. BC was
omitted in order to make distinguishing the TC easier.

Another important issue when depositing TBC layers is occurrence of internal
stresses [19, 20]. This issue mainly applies to the APS method, since the EB-PVD
process is performed in a completely different manner. In order to improve the
properties of the deposited coatings, it is necessary to identify every process, so that
information on internal stress values and changes can be obtained.

For the needs of this monograph we performed own numerical simulations in
ABAQUS system aimed at determining how stress values change, both in the blade
and in the coating itself, for cases with blades heated to various degrees and with
various thickness of single-stage sprayed layers. Two coating deposition tempera-
tures were considered in the study: when the blade was at an ambient temperature,
which was assumed to be 20 °C, and when the blade was pre-heated to 500 °C, i.e.
the temperature of molten top coat.
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The total layer thickness was 0.4 mm. Three cases were considered, where a
single layer had a thickness of:

¢ 0.04 mm—10 layers in total,
e 0.08 mm—five layers in total,
e 0.2 mm—two layers.

Therefore, the simulations required constructing ten, five and two models,
depending on the layer thickness. Figure 6.3 presents mesh views for all ten
models.

For example, for the model with 10 layers, 85,395 CPS4T and 238 CPS3T
elements were used in total, out of which, 1879 CPS4T and 34 CPS3T elements for
the blade.

Time intervals between depositions of individual layers were 10 s. It must be
stressed that each subsequent model, starting from the second, drew information on
the distribution of temperatures and stresses from the previous model. Therefore, its
“thermal history” was taken into account. In effect, after an entire cycle of
depositing a 0.4 mm-thick layer, the maximum stresses in a blade, for a blade
without pre-heating, were 818.8 MPa (Fig. 6.4), while for a pre-heated blade, up to
500 °C-84.25 MPa (Fig. 6.5). It is therefore almost a tenfold drop in stresses.

More detailed results are presented in the charts (Figs. 6.6, 6.7 and 6.8). They
summarise the changes in Huber—von Mises reduced stresses, both for the blades
that had an ambient temperature of 20 °C, and for blades pre-heated to 500 °C
before layer deposition. The 10-s time intervals, corresponding to TBC layer
deposition stages, are marked on the horizontal axis.

Analysis of the above charts leads to the following conclusions and

observations:

0.04mm 0.08mm 0.12mm 0.16mm 0.20mm
0.24mm 0.28mm 0.32mm 0.36mm

Fig. 6.3 Stages of TBC layer deposition
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stresses in the coating are from 7 to 27 times higher for cases when the blade is
not heated. Pre-heating should therefore be applied, as the ceramic layer may be
damaged during deposition.

stresses in the blade itself are lower for pre-heated cases as well, and their values
range from 10 to 900 MPa,

it is more beneficial to deposit layers with a greater thickness, which conse-
quently enables reducing the maximum value of stresses that occur in the
deposition process by approx. 50 %.

issues related to loading history of the samples: (1) taken from the real aero-
engine, (2) new laboratory samples with artificial simulation of the real air-
plane loadings.

laboratory tests, the important is knowledge of loading history of samples

selected from the real structure of jet engines which results from exploitation
conditions. In case of new samples with deposed TBC on the substrate it is
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necessary to perform preparatory works before performing strength tests. The
samples are subjected to an ageing process that simulates actual thermal loads in an
engine. The ageing process was analysed in the following studies [1, 2, 6-8, 10, 21,
22]. On the other hand, the ageing was ignored in papers [3-5, 11-13, 23].

The papers that took the ageing process into account are characterised by a
common values of the temperature level usually equalling 1000 °C, and the number
of ageing hours counted in the hundreds. Despite the significant efforts by the
authors, in many works some important phenomena are still ignored, such as:

e mechanical loads of the substrate, imitating stretching and bending that an actual
blade is subjected to, are not taken into account,

e ageing, in most cases, is performed in laboratory furnaces, where the atmo-
sphere is completely different from an actual engine,

e cyclical thermal shocks are not taken into account. Heating and cooling takes a
relatively long time—from ten to several tens of minutes.

It would be difficult to cite the results of all works. For this reasons, only four
most original and comprehensive studies that provide practical information will be
presented.

Tests on a rather large number of samples with standard TBCs were conducted
in [10]. The thermal ageing cycle consisted of a 10-min heating from room tem-
perature to 1000 °C, annealing in this temperature for 100 min, and subsequently
10-min cooling. These cycles were conducted for 48 and 100 h. Also samples not
subjected to ageing were tested. Additionally, the authors analysed the effects of
thickness of TC deposited by the APS method for 200, 300 i 400 um. The BC
thickness remained constant and equalled 100 um. For each configuration (TC—
ageing cycle), five dumbbell samples were prepared for UTT that were performed at
1000 °C as well. During the test, transverse cracks on the coating’s surface could be
observed. The authors propose that the cracking process be divided into three
phases:

e initial cracking—substrate deformations to trigger this phase can be considered
critical, and this is a valuable information for designers,

e appearance of multiple cracks—in this phase, the blade’s coating no longer
fulfils its protective role,

e saturation with cracks—only the substrate itself is deformed, with no new cracks
in the coating appearing.

In the study, despite using a large number of samples for testing and several
different coating thicknesses, it is difficult to formulate clear conclusions. They can
be grouped as follows:

e increased coating thickness does not increase its durability in any way. The best
results are achieved for 200 pm—thick coatings. However, this assessment
must be made carefully, as samples of this type with various thicknesses are
actually not subjected to the same load conditions, since when thickness
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increases, the bending moment acting on the layer also increases, and conse-
quently loads increase as well.

e contrary to the what may appear, subjecting samples to ageing even for 100 h at
1000 °C does not cause degradation of durability, but its improvement, and, e.g.
for samples with 200 um coating, the following critical deformations occur:
without ageing—3.25 %, 48 h ageing—3.6 %, 100 h ageing—4 %. This
increase in critical deformations may be caused by the phenomenon of sintering
of the coating’s porous structure.

In that paper, no information is given on measurements of the sample’s defor-
mations. There is also no information on whether an extensometer was used for
high temperatures. It can be guessed that deformations were calculated knowing the
sample’s elongation and its initial dimensions, but this method lacks precision.

For the purpose of this monograph, we conducted our own numerical simula-
tions for the examples considered in paper [10] to demonstrate the effects of the
coating’s thickness. Material data was drawn from Table 6.1 for the temperature of
1000 °C. Figure 6.9 displays a scaled image of deformations of a sample whose
one end was fixed, while the other was displaced by 0.08 mm, so that the sample
worked in an elastic manner. The middle section, for which deformation and stress
values were read at a later stage, is marked in red.

Figure 6.10 displays the deformation fields ¢,, and stresses o, at the x; direc-
tion. Readings for extreme values occurring in the top and bottom parts of samples
were also taken (Table 6.2). It is easy to observe—deformations in the sample’s
cross-section are non-homogeneous and between the top and bottom surface with
the TBC coating, differ by approximately 28-48 %.

1. type of test employed to determine parameters of substrate cracking or critical
deformation mechanics that lead to TBC damage.

Experimental tests that are presented in literature available to date can be divided
depending on:

1. method of loading:

uniaxial stretching (UTT),

bending,

shearing,

bending with shearing,

bending with stretching,

bending with compressing,

complex, unknown state of stress with the use of indenter imprint near the
tested layer.

—
.

Fig. 6.9 Deformation of a sample stretched in axis x,
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Fig. 6.10 Deformations characteristics: a deformation fields ¢,,, b stress fields o,

Table 6.2 Comparison of results for top and bottom sample surface, and for different thicknesses

of TBCs
g,, (MPa) &, (%)
Top surface | Bottom surface Top surface | Bottom surface
No coating 300.4 0.2
0.2 mm coat 58.38 321.5 0.167 0.214
0.3 mm coat 55.31 325.8 0.158 0.217
0.4 mm coat 51.99 330.3 0.148 0.22

During blade operation, the greatest stresses originate from stretching and
bending, so these two tests are the most important from the perspective of TBC

tests.

2. temperature, at which the test is performed:

e tests at room temperature,

e tests at elevated temperatures.
Only tests that take temperature effects into account should be performed, as it is
consistent with actual operating conditions of engine turbine blades.
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3. structure of the tested sample:

e substrate + bond coat + top coat,
e substrate + bond coat + top coat + additional element,
e top coat.

The most important problem influencing the quality of experimental results is a
large degree on the precision of samples manufacturing and the manner of their
loading. An example can be the TBC layer wall test presented in [4, 24].

As an illustration we performed their own numerical tests concerning the effects
of holder shape used in the TBC layer shearing test shown in Fig. 6.11. They took
into account the varied diameters D of the tool shearing the TBC layer.

Figure 6.12 presents how the force value changed during the shearing test, up to
delamination from the substrate or BC, for different positions of shearing tool
contact.

Considering the extreme values, the difference is approximately 50 %. To put it
more graphically, if a 0.7 mm-wide machining tool, i.e. “too wide”, is made, then
the resulting error will be exactly on this level. Additionally, there is the matter of
the machining part’s flatness deviation, and if the layer’s surface does not adhere
closely to the tool, the results will be even more different.

Figure 6.13 presents the simulation results as Huber—von Mises stress fields for
all analysed cases and for the same displacement of TBC layer, equalling
u = 2 mm. Additionally, for the purpose of better visualisation, the scale has been
streamlined, and the maximum values of Huber—von Mises reduced stresses have
been provided under individual images. Analysis of the photographs indicates that
the smallest concentrations occur when the greatest surface is in contact. However,
even in this case pure shearing does not occur.

Fig. 6.11 Scheme of the axis of bond coat
TBC layer shearing test .
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Some of the works present samples technically very difficult to produce [1, 3,
25], which makes conducting tests more difficult. The very fact that substrate and
coating layer thicknesses are in the order of tenths of a millimetre creates a certain
challenge.

Paper [3] presents an interesting method of loading samples in a complex state
(compression + bending). However, a significant obstacle is making a cut that is
merely 0.1 mm-wide, separating the substrate from the TBC system. This cut, as
stated by the authors, was made with a diamond disc.

Another difficult, and as stated by the authors in paper [1], time-consuming
example is the manufacturing of an EB-PVD sample, depositing it several times on
the bond coat-less substrate, so that only the layer itself can be removed later.
Ultimately, the sample made using the EB-PVD method was 1 mm-thick and was
subjected to a 4-point bending test.

A third example will be the sample demonstrated in study [7]. Small specimens
were similar in shape to the double cantilever beam geometry. By making the cut
and applying the eccentric force, a complex stress state was achieved, very close to
that experienced by a blade in the most stressed point at its base, i.e. bending with
compression. The sample was 3.5 X 4.9 mm in size and was small enough for the
test to be carried out under a microscope. This therefore required, similarly to paper
[1], the use of an original holder.

In study [26], the authors noted the phenomenon of coat creeping under
longer-lasting loads, also introducing so-called thickness coefficient, which is the
thickness ratio of surface substrate to coating TBC. Numerous simulations
demonstrating how normal, tangent and reduced Huber—von Mises stresses change
for different thickness coefficients and load durations.

The method of heating samples is also a matter of debate. It can be done in two
ways by placing the sample in:

e a chamber with halogen lamps or other electric-powered heat sources (as in

paper [6]),
e an acetylene-oxygen torch can be used [27].

Each of these methods has its drawbacks and advantages, although—considering
that the TGO layer grows slowly and the acetylene torch exhaust or heated air
atmosphere has no effect on its growth rate—the best solution becomes using an
electrically powered chamber.

IV. types and methods of data acquisition during testing.

Not only sample manufacturing quality, but also the manner in which information
on the TBC system’s condition under load is collected will be important for
obtaining correct data from the experiment. The main test methods of data acqui-
sition, based on conducted tests, are presented below:
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e acoustic emissions (AE)

The TBC system is a highly specific composite material and its most important part,
responsible for durability—the interface of coating with substrate—is invisible dur-
ing the test itself. This contact is largely uneven, which was the subject of numerous
articles, and furthermore, it changes during blade operation at high temperatures,
when TGO layer grows. On account of such complex structure and occurring chan-
ges, one method of observing the phenomena during strength tests is to make use of
acoustic emissions. For example, AE were used in papers [6, 22, 28, 29].

In study [6], two sensors with a range from 300 to 800 MHz were employed. In
publication [22], it was a sensor adapted to high temperatures, with a frequency of
70 kHz. The authors used noise cut-off at 45 dB. On the other hand, one sensor was
used during a 4-point bending test in paper [28] in order to determine the critical
deformations for samples subjected to different numbers of thermal cycles. In [29],
the recording frequency was 1 MHz, while noise was cut-off at a lower level than in
paper [22], namely 38 dB. During UTT tests, two sensors positioned on the sub-
strate side were used.

e values of force, displacement, deformation.

During strength tests, it is important to select the universal testing machine in such a
way so as not to work in the lower part of its range and not to exceed it. During the
authors own experimental tests, two MTS universal testing machines were used, with
ranges up to 100 kN and equipped with high temperature chambers (to 1400 °C)
25 kN.

An important parameter observed during strength tests is not only force, but also
deformations corresponding to the given load. As standard, universal testing
machines can provide records in the force-displacement form. Theoretically, if
information on deformations was required, based on holder displacement, it is
enough to divide the given increase by the initial sample length. However, it is an
inaccurate method, as displacement data obtained from a universal testing machine
contain both displacement of the sample’s measurement and mounting parts—
deformations of jaws, holders, etc. Therefore, in order to obtain accurate infor-
mation on sample deformations, it is necessary to, e.g. affix a tensometer, use an
extensometer or the ARAMIS optical measurement system.

However, the issue of measuring deformations arises when testing is conducted
in a high temperature chamber: it can be ignored, as did the authors of paper [10],
where only information from a universal testing machine were used, or the problem
can be solved in two ways:

— the first method is using a special chamber with an observation port so that
the sample can be monitored with a high-resolution camera [6].

— the second is the use of an extensometer, which has outputs leading outside
the high temperature chamber [6].
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Fig. 6.14 Experimental stand with the ARAMIS system and acoustic emissions for measurement
of the TBCs systems deformations

e Digital Image Correlation (DIC) system ARAMIS.

ARAMIS is a system of contactless, three-dimensional displacements both under
static and dynamic loads. Due to the fact that it is a contactless method, it is
possible to study elements with complex shapes. In contrast to the tensometer, when
using ARAMIS, information on displacements on the entire studied surface of the
sample is acquired, while in the case of the tensometer, the information corresponds
to its base, i.e. it is localised. Graphical representation of measurement results as
coloured fields enables more complete comprehension of the studied object’s
behaviour.

Based on images taken using digital cameras, ARAMIS recognises the
three-dimensional surface structure of the measured object (each pixel in an image
is assigned with appropriate coordinates). After recording all images, the system
compares them and calculates displacements and deformations.

Figure 6.14 presents the ARAMIS system which was used during own tests in
order to accurately determine displacements and deformations at which TBCs
systems are damaged. Additionally, AE were used during the tests.

Description of the experimental stand in Fig. 6.14. is as follows: 1—sample with
a TBC layer, 2—holders of the universal testing machine, 3—ARAMIS camera
system, 4—acoustic emissions sensor.

® microscopic tests.

An inseparable element of TBC strength tests is the use of microscopes.
Microscopic images can be found in virtually any paper considered in literature,
particularly [2, 4, 6-8, 11, 12, 16, 18, 27-33]. However, in most cases they are not
used for external observations of the coating’s surface, where cracks appear only in
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the last phase of TBC damage, but are taken as transverse cross-sections through
the layer.
Microscopic images aim to observe the TBC layer structure after:

— it is deposited. It is particularly important when using different powders and
different distances of the plasma burner, e.g. as in paper [18], or when using
FGM coatings,

— ageing cycles, for different temperatures and ageing times, e.g. as in study
[27], where the TGO layer growth is visible, or in paper [32], where columns
deposited by EB-PVD are sintered,

— conducting strength tests, e.g. for different loads—a good example is paper
[7], where exactly the same area was observed.

Information of this kind is highly valuable, as it forms the basis for correct
description of the material model in the ABAQUS program, and consequently
performing reliable simulations that are true to reality.

6.2 Conclusions

In the summary, one must agree with the authors of papers [2, 34] that currently
there are no standardised test methods and procedures of testing strength properties
of TBCs systems.
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Chapter 7

Proposed Experimental Investigations
of TBCs Systems

7.1 Sample Ageing

One of the phenomena occurring in TBCs during their operation is the appearance
of an Al,O5 layer, referred to as TGO in literature. Its occurrence is related to the
presence of coating surface porosity, and consequently with the possibility of
oxygen accessing the boundary between top coat (TC) and BC. One of the elements
comprising the bond coat is aluminium. Therefore, oxygen that penetrates into a
TBC system causes the formation of a thin (several micrometres) layer of alu-
minium oxide, whose thickness gradually increases in time.

TGO layer growth is a slow process. Analysis of literature indicates that authors
use ageing times from several tens even up to several thousand hours, i.e. as long as
a turbine engine blade service life lasts.

Tested samples (Fig. 7.1) had TBCs systems introduced by APS technology
with application of the YSZ in industrial conditions. Thickness of the TC layer was
equal to 300 pum, whereas the BC layer had 150 pm. Substrate was made of
acid-resisting steel OHI8NY of the thickness 2 mm. The material data are included
in Table 6.1.

One goal of the tests performed for this monograph was to determine the effects
of sample ageing time, and consequently of TGO layer growth on TBC system
damage.

Sample ageing was performed for four ranges: 48, 89, 185 and 353 h at a
temperature of 1000 °C. Ageing was performed using a muffle furnace, whose
interior—including the arrangement of samples—is visible in Fig. 7.1. Eight
samples of each of the following categories were subjected to ageing: dumbbell,
beam and cylinder. Samples were removed from the furnace, after the specified
times had passed, only after it had cooled completely, in order to prevent sudden
thermal shocks.
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Fig. 7.1 Arrangement of
samples in a muffle furnace

7.2 Uniaxial Stretching of Dumbbell Samples with TBC
Layers—Author’s Own Tests

Uniaxial sample stretching is one of the most commonly performed tests when
determining strength parameters of a TBC system. The tests were to determine
critical deformations leading to TBC system damage, both for coatings in their
original state and subjected to ageing. Tests were conducted for two batches of
samples:

1. results from the first batch were to provide information concerning critical
deformations lead to crakcs initiation in TBCs,

2. the second sample batch was stretched only to a certain load level (determined
using the results from the first batch), and subsequently, microscopic observa-
tions were performed.

7.2.1 First Batch of Samples Not Subjected to Ageing

Tests were performed using a MTS 100 kN testing machine. A sample, placed in
the universal testing machine’s holders, is presented in Fig. 7.2. The rate of
stretching applied to all samples was 0.2 mm/min.

The first batch of samples was stretched until visible cracks appeared, clearly
indicating that the coating had been damaged. However, analysis of literature
performed earlier indicates TBC system damage begins at the interface between TC
and BC, which is invisible to the naked eye.

For this reason, in order to determine the critical deformations at which cracks
initiation occurs, two methods were employed:

e the use of the ARAMIS system,
e the use of acoustic emissions (AE).
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Fig. 7.2 Sample with acoustic emissions sensors attached

Figure 7.3 presents two images of deformations in a TBC system during uniaxial
tension of a sample not subjected to ageing:

(a) for a load equivalent to the substrate material’s yield point (6, = 6.2 kN),
(b) after exceeding the yield limit, when the material starts to strengthen (7.2 kN).

In the first case, it is impossible to notice changes in deformation fields; second,
brighter lines become appear, indicating cracks propagation. When observing the
sample with a naked eye (Fig. 7.4), coating cracks can be seen starting from loads
of 7.8 kN.

A more effective method of determining when the damage begins to appear is
AE, as it enables registering cracking process that are not visible on the coating’s
surface. Figure 7.5 presents results both for samples not subjected to ageing and for
samples after ageing. In samples not subjected to ageing process, the first visible
AE amplitude occurs at 6.8 kN load, so AE, in the case of brittle materials and
TBCs, enables earlier detection of the crack initiation moment.

The results obtained in the first batch of samples narrowed down the tensile load
level to 5 kN, after which microscopic observations were performed.

7.2.2 Second Batch of Samples Subjected to Ageing

In the second batch of tests samples were subjected to ageing process and further to
mechanical loads, like in the first batch. Moreover, we performed SEM observa-
tions of TBC systems on a FEI QUANTA FEG 250.
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Microscopic tests concerned samples with a TBC layer subjected to ageing in a
furnace at 1000 °C. Ageing times were: 48, 89, 185 and 353 h, respectively.
Subsequently, samples were subjected to stretching by applying a load of
5 kN < o, in each case. The same load was also applied to the sample that was not
subjected to the effects of ageing.

Before the SEM tests fragments of dumbbell samples after tensile tests were cut
and encased in resin as per the procedure presented in Fig. 7.6 to show the internal
structures of TBCs.

Analysing the images, (Fig. 7.7), taken using the SEM, the following layers can
be distinguished: TC, approx. 300 pum thick; bond coat (BC), 150 pum thick and the
metallic layer.

The layer not subjected to ageing has single cracks resulting from merging of
pores present in the ceramic layer.

Even after a small number of hours that the sample spent in an aggressive
environment, and subjecting it to a mechanical load, it can be noted that there is one
primary crack. It is situated in the ceramic layer, right next to the boundary with the
bond coat. In certain places and for large magnifications, cracking at the boundary
of the two layers could be noticed (Fig. 7.8). However, transverse or edge cracks
were not noted in the sample. After 89 h of annealing, the same damage mechanism
still exists. However, in places, the crack is starting to migrate, from the BC
boundary even to several tens of micrometres within the ceramic layer.

Figure 7.7d presents a fragment from the sample’s middle section (considering
its length), for which the ageing time was 185 h. Both a horizontal crack, of
significant size—more than 10 micrometres, and a vertical crack are visible. These
phenomena indicate deteriorating strength properties of the TBC system.

Fig. 7.6 Sample preparation 1. cutting off the gripping part
for testing 2. cutting part with applied TBC
|

3. re-cut

]
25mm

surfaces to
observe

-

4. mounting and polishing
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(a)

Fig. 7.7 Images of the TBC layer with dimensions for different ageing times. a O h. b 48 h.
¢ 8 h.d185h. e353h
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Fig. 7.8 Crack at the TC and
BC interface (89 h)

The damage area for 353 h is presented in Fig. 7.7e. The crack thickness at the
BC boundary is now in the order of 50 pm. A horizontal crack in the upper part of
the ceramic layer can also be clearly seen. However, in no cases was damage in the
BC or at the BC and substrate interface observed.

Another important phenomenon that occurs during the operation of blades with
TBCs is the appearance of the aluminium oxide Al,O; layer, referred to in literature
as TGO.

Figure 7.9a presents the ceramic TBC layer and the substrate. For samples not
subjected to ageing, there are no visible boundaries between the layers mentioned
above. Even after 48 h of ageing, a boundary in the form a dark “stripe” running
across the entire length of the sample can be observed, Fig. 7.9b. After performing
a chemical analysis, the presence of two main elements was noted: oxygen and
aluminium. It indicates that a Al,05 had formed at the boundary. The thickness of
this layer increases in time, which is presented on the chart (Fig. 7.10), where a
logarithmic function describing the TGO thickness growth has been matched. This
data must be taken very cautiously as it originates from only one sample cross
section.

The SEM also has the ability to perform EDS (energy dispersive spectroscopy)
X-ray microanalysis. Reading the intensity of characteristic X-ray radiation is
possible, thanks to the formation of electron-hole pairs. EDS analysis was per-
formed for samples subjected to ageing and in such layers as TC, TGO, BC, BC-
metal interface and metal.

In the ceramic TC layer, the main elements are: oxygen 56.48-63.19 % and
zirconium 29.54-31.86 % (Table 7.1). The third element is yttrium 2.86-—4.49 %.
This indicates the presence of ZrO, stabilised by Y,0s.
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Fig. 7.9 TGO layer dimensions for different ageing times. a0 h.b48 h.¢ 89 h.d 185 h.e 353 h
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Table 7.1 Element content—TBC layer

(0] Al Y Zr Cr Fe Co Ni
48 h 56.48 1.36 3.21 31.86 1.45 1.86 1.18 2.27
89 h 57.08 1.50 3.35 31.14 1.39 2.03 0.99 2.28

185 h 51.59 0.70 4.49 36.29 1.38 1.94 0.84 1.47
353 h 63.19 0.72 2.86 29.54 0.81 1.55 0.32 0.79

The remaining elements, whose content is at a level of 1 %, are the result of
diffusion from deeper layers, which is not intensive at high temperatures.

The detection of the TGO layer (Table 7.2) was extremely important, as this
layer was distinguished by a different shade of grey at the ceramic layer boundary
which made locating it easier. This layer contained from 49.52 to 58.90 % oxygen
and 32.35 to 41.35 % aluminium. This confirmed the presence of Al,O5;. The
content of other elements is at a level of one to several percent.

The third layer is BC (Table 7.3). It is a layer where such elements as Ni, Co, Cr,
Al and Y should be found, in the order from the highest to the lowest content.
Analysis confirms the presence of the elements listed above and in the same order
of percentage content. Additionally, zirconium and iron are found in this layer.
Both these elements originate from diffusion from neighbouring layers. For ageing
times 185 and 353 h, oxygen content in the bond coat drops to a few percent; this
occurs as a result of growth of the ever thicker and tighter TGO layer.

Table 7.2 Element content—TGO layer

(0] Al Y Zr Cr Fe Co Ni
48 h 57.95 32.35 0.21 2.57 1.44 1.00 1.29 2.59
89 h 58.90 34.45 0.21 1.10 1.22 0.98 0.98 2.06

185 h 51.86 41.35 0.65 1.96 1.08 0.93 0.73 1.43
353 h 49.52 33.04 0.56 4.29 1.37 1.37 3.53 6.31
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Table 7.3 Element content—BC layer

(0] Al Y Zr Cr Fe Co Ni
48 h 27.05 13.11 0.43 3.03 17.92 2.60 22.01 4.49
89 h 24.02 8.81 0.27 1.92 13.91 441 15.81 29.10
185 h 5.59 11.85 0.22 221 17.41 5.64 19.55 37.52
353 h 4.32 27.30 0.19 1.77 6.38 7.46 9.52 43.04

Source Author’s own tests

Table 7.4 Element content—BC-metal boundary

(0] Al Y Zr Cr Fe Co Ni
48 h 6.06 60.07 0.05 1.56 6.69 13.35 3.97 8.25
89 h 8.49 64.17 0.11 2.07 5.06 9.71 3.30 7.04
185 h 1.78 75.96 0.20 2.02 4.20 7.51 2.63 5.71
353 h 1.20 78.19 0.10 2.73 373 7.61 1.85 4.58

Source Author’s own tests

An interesting place is the vicinity of the BC—metal interface (Table 7.4). During
ageing, the appearance of a new phase can be observed, which—at low magnifi-
cations—clearly forms a boundary.

However, it is not continuous and does not have a uniform thickness, as is the
case with TGO, but is formed by individual grains, sized more than 10 pm
(Fig. 7.11). After performing the EDS analysis it was concluded that this layer
contains 60-78 % aluminium, and the rest is mainly iron and nickel from the
metallic layer.

The last layer is the metallic substrate. It was the OH18NO stainless steel with a
theoretical chromium content of 17-19.5 % and nickel 8-11 %. While chromium

Fig. 7.11 Bond coat-metal
boundary (353 h)
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Table 7.5 Element content—substrate

(0] Al Y Zr Cr Fe Co Ni
48 h 2.80 1.26 0.11 1.36 18.34 56.02 4.63 15.48
89 h 7.77 2.07 0.09 1.56 16.93 42.88 8.20 20.48
185 h 0.21 2.41 0.13 1.23 17.70 41.42 11.05 25.84
353 h 0.19 1.57 0 1.81 17.93 45.21 9.72 23.24

Source Author’s own tests

content is at the right level, nickel content is too high, and additionally, cobalt is
present (Table 7.5). However, after performing measurements, even at 45 um from
the BC boundary, the content of elements is as expected. Measurements in close
proximity indicate therefore the occurrence of diffusion between all layers, Zr and
Y, can also be found in the substrate layer.

7.3 3-Point Bending of Beam Samples with TBC
Layers—Author’s Own Tests

During operation, a blade and its coating experience not only stretching caused by
the centrifugal force, but also bending in certain areas located in its bottom
part. When testing TBCs, appropriate samples “for bending” had therefore to be
prepared. The coating was manufactured on a 2 mm thick OHI8N9 steel substrate.
Sample length was 50 mm and width 10 mm.

For such small samples, it was necessary to design and manufacture a special
holder presented in Fig. 7.12a. The holder has adjustable supports, so that it is
possible to execute both 3-PB and 4-PB. In this case, due to the presence of small
loads, an MTS testing machine with a range of capacity up to 25 kN.

Fig. 7.12 a Holder with a mounted sample, b deformed sample after 3-PB test
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All tests were performed at room temperature. Similarly as in the case of samples
for stretching, some of them were subjected to ageing at 1000 °C for periods of 48,
89, 185 and 353 h, respectively.

After performing bending for the first, non-aged sample, two characteristic
deflections of the sample were determined: 0.8 and 2 mm. In this case, the load
constituted the holder beam displacement by a set value. The test was performed at
a rate of 0.2 mm/min.

Figure 7.12b presents an image of a deformed sample after the test. In order to
identify the load for which the first cracks may appear, AE, and two sensors were
used. The sensors were placed in the bottom part of the holder, on both sides.

Results in the form of charts: force—time and AE-time are presented in Fig. 7.13.
When analysing the above charts, it can be noted that for the 0.8 mm displacement,
high AE amplitudes can only be observed for 185 and 353 h ageing. However,
microscopic observations, whose description is provided later in the section, indi-
cate that cracks also occurred for shorter ageing times. A conclusion can therefore
be formulated that the use of AE sensors in the lower part of the holder does not
guarantee registering all phenomena occurring during tests. However, in this case,
the sensors could not be affixed directly to the sample as they could be damaged.

The sample’s mechanical response for the deformation corresponding to 2 mm
displacement is important. For the non-aged sample, the emissions did not indicate
anything. For aged samples, event saturation increases with the increase of hours
the samples were kept in the furnace.

SEM observations of the sample damage caused by 3-PB were also conducted.
To this end, the samples were cut apart, encased in resin and polished, as
demonstrated in Fig. 7.14.

Totally, 10 samples were observed. Both the sample edge and its central part,
where the greatest bending moment occurred, were observed. 200x and 500x
magnifications were used. Figure 7.15 presents a summary of images from the
microscopic observations.

The presented test results for non-aged samples and set deflection 0.8 mm
indicate that no visible edge cracks were observed. However, delamination at the
contact of TC and BC layers occurs at the sample’s edge.

By extending the ageing process, various phases of damage development at the
same set displacement can be observed. For ageing times 48 and 89 h and dis-
placement 0.8 mm, cracking occurs only at the contact of TC and BC layers. For
longer times of sample exposure to high temperature (185 and 353 h), TC layer
becomes saturated with cracks (Fig. 7.16). Thus formed horizontal cracks have a
size of less than 20 pm, regardless of the ageing time.
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Fig. 7.14 Sample preparation for microscopic tests

Completely different effects are observed for a set deflection of 2 mm. With this
deformation and for a sample not subjected to ageing, vertical edge cracks appear in
the central part, with a width of more than 10 to several 10 of um. They run both
through the TC and BC layers, reaching the substrate (Fig. 7.17a). The forming
vertical edge cracks are not accompanied by horizontal cracks at the TC-BC
interface, however. When ageing time is increased to 48 h, two cases of crack
formation may occur:

e only through the TC and BC layers (vertical crack),
e along the TC-BC boundary (horizontal crack) and again through the TC and BC
layers (vertical crack).

In the second case, the crack takes the “U” shape. “U” cracks form if two vertical
cracks occur nearby (Fig. 7.17b).

For the 89 h ageing time, yet another different crack formation model can be
distinguished. Both a vertical crack, running through the TC and BC layers, and a
horizontal crack along a significant portion of the sample’s length occur
(Fig. 7.17¢).

For ageing times from 185 and 353 h, a fourth crack formation model exists. It
involves a vertical crack reaching only the bond coat, and a greater crack saturation
per sample length unit, as well as a series of short horizontal cracks (Fig. 7.17d, e).

In no sample did a case of a horizontal crack at the substrate—BC layer boundary
occur. Vertical cracks only run through the BC layer. For ageing times from 185
and 353 h, the ceramic layer and its boundary are weak enough that cracks do not
propagate inside the metallic substrate.
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Sample deflection 0.8 mm, sample edge, magnification 200 x.
Oh 48 h

Fig. 7.15 Results of microscopic observations
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Sample deflection 0.8 mm, sample centre, magnification 200 x.

48 h

Fig. 7.15 (continued)
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Sample deflection 0.8 mm, sample centre, magnification 500 x.
48 h

Fig. 7.15 (continued)
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Sample deflection 2 mm, sample edge, magnification 200 x.

=]

Fig. 7.15 (continued)

Oh 48 h
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Sample deflection 2 mm, sample centre, magnification 200 x.

Fig. 7.15 (continued)
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Sample deflection 2 mm, sample centre, magnification 500 x.
0h

Fig. 7.15 (continued)
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Fig. 7.17 System of cracks corresponding to 2 mm deflection in 3-PB tests, for different ageing
times:a0h,b48 h,c8 h,d 185h,e353 h
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7.4 Conclusions

To date, there are no uniform procedures or standards that concern testing of the,
complex in terms of structure and loads, TBC system. The most rational is per-
forming classic coated samples for stretching and bending. In order to determine the
damage, studies on TBC tests must include a section on ageing and microscopic
observations.



Chapter 8

Numerical Analysis of Cracks Propagation
Process in Turbine Blades TBCs Systems
Under Thermo-Mechanical Loading Based
on Experimental Results

8.1 Formulation of FEM Approach and Brittle Damage
of the TBCs System

In this chapter, we present a numerical method of thermo-mechanical analysis of
the TBC systems. It can be used as a simulation of the whole TBCs systems
behaviour or as a part of a large simulation as a submodel. Moreover, the method
can be applied for calibrating material data that concerns damage evolution laws.

The numerical model is constructed as a section of the dumbbell sample with a
length of 2 and 0.1 mm thickness (Fig. 8.1). The internal structure of the TBC is
composed of three parts: substrate, BC and TC constituting separate models.
Moreover, such modelling method enables setting properties for contacts between
the three parts.

The numerical model, formulated in ABAQUS code, was constructed of C3D8R
elements: 13,000 for the substrate, 4355 for the BC, and 9015 for the TC (Fig. 8.2).

The experimental results from the previous chapter indicate that deformation
process of the TBCs is very complex and different damage mechanisms should be
incorporated in the model like:

e edge cracking process of the TC,
e delamination of the TC-BC interface,
e cracking process of the BC.

All these mechanisms should be taken into account. Therefore, the numerical
model should describe brittle cracking modes of the TC and BC, whereas delam-
ination of the TC-BC interface or TGO interphase can be described as cohesive
surface, Fig. 8.3. Below, we describe the main ideas of both cracking and delam-
ination models.

© The Author(s) 2016 91
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8.1.1 Brittle Damage Model

The brittle damage and cracking model accessible in ABAQUS/Explicite enables:

e description of gradual deterioration of brittle materials, such as ceramics and
rocks, by introduction of a set of damage parameters for different loading or
deformations modes,

e simulation of dominant cracks initiation and growth in materials by removing
elements from the mesh.

The brittle damage model is a fuzzy model representing set of discontinuities in
brittle material. The occurrence of a set of micro-cracks affects the loading capacity
of the material, as well as its stiffness.

Cracks initiation is described on the basis of a simple Rankine hypothesis
(Fig. 8.4), which assumes that cracks form when the maximum tensile stresses
reach the tensile strength o{ (Mode I). After meeting the criterion, the surface of the
formed crack is perpendicular to the tensile stress direction. In the analysed model,
cracks may not close and remain until the end of the simulation. However, if
stresses change their sign to minus, i.e. we have compression and cracks may close.

Crack evolution can be defined in three ways, in relation to: stress state, fracture
energy or displacement state. The following criteria are used to describe the
evolution:

e stress—deformation type criterion (Fig. 8.5),

e fracture energy criterion G} (Fig. 8.6)—energy results from Mode I of cracking
and is defined directly as material data. Displacement, at which complete loss of
material strength occurs, is described using the following formula:

un = 2Gi/ay, (8.1)

e critical displacement criterion u,y (Fig. 8.6)—alternatively, fracture energy can
be expressed by describing stresses as a function of displacement ;.

Fig. 8.4 Rankine criterion O2
for the flat state of stress o! A
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Fig. 8.5 Stress—deformation o!
type criterion ¥
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Fig. 8.6 Cracking energy c|
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8.1.2 Cohesive Degradation Model

In order to simulate gradual decohesion and the failure process of the interface
layer, a CZM model was applied in FEA calculations. Figure 8.7 shows the tri-
angular stress-separation law for the uniaxial case. 4 is non-dimensional opening
displacement equal to

Un

] = —-— .2
4 5max (8 )

where u, is the normal opening displacement and 6™ is a maximum opening
displacement. ¢™** is the maximum stress threshold for the modelled material,
whereas 4;, corresponds to the non-dimensional displacement indicating damage
initiation in the material.

Fig. 8.7 Stress—displacement o(\)

rules for CZM with damage

parameter d (triangular rule) d=0

Gl'l'l.‘/lX
a)
. d=1
¢ * ®
0 Nin 1 A
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Gy is the area under the curve corresponding to the absorbed energy to fracture.
In 3-D cases, where a complex mode of damage growth occurs, it is necessary to
introduce a normal opening displacement u, for the tension mode and a tangential
displacement u, for the shear mode. Similar to (8.2), it is possible to define
non-dimensional displacements A, and A.:

—_— ’/ln
T gmax
51‘]

— uT
T gmax
51

I A (8.3)

where 07, 67" are the maximum opening and shear displacements. We assume
for the considered 3-D case that the damage initiation criterion will depend on
current state of stress {a,, i, 05} and is expressed as:

o\’ o\’ oo\’

n t S

<amax) + <a{nax) + <amax) =1, (84)
n S

where @, is the normal stress to the surface of the adhesive layer, whereas ¢ and o,

are the shear stress components along the adhesive layer. The values of

o™, o™, o™ are the threshold values of the stress state corresponding to initi-

ation of damage process described by parameter d(A) for the uniaxial case
(Fig. 8.7) or d(An, /4, 2;) in the general 3-D case:

Aims das7a) = A ) + () + (). 8.5)

The failure criterion in the most general case is formulated as a power law and
depends on the fracture energy in the three considered modes: normal n = I and two
tangential: t = II, s = III:

G1)2 <GII>2 (GIII>2
(GIC Giie Ge (86)
where Gy, Gy, Gie are the critical values of the fracture energies (CFE). In case of

lack of all the above values of CFE estimated experimentally, one can assume that
G = G = Gy, i.e. the failure of the cohesive layer is isotropic.

8.1.3 Simulation Results

Simulations, depending on the type of applied load (force F or moment M), as in
Fig. 8.1, were performed separately for tension and bending. However, stretching
of samples with asymmetrically deposited TBC layers results in occurrence of
additional bending stresses that can cause disproportions of 2848 % in stresses in
extreme layers.
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Fig. 8.8 Stages of degradation development in a protective coating during tension
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(c) (d)

Fig. 8.9 Stages of degradation development in a protective coating during bending
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Figure 8.8 presents numerical results for tension process. When analysing
simulation results, it must be noted that within the range of loads applied to the
samples, destruction evolution is consistent with microscopic (SEM) observations.
Damage propagates in the vicinity of the TC—BC boundary, but does not propagate
towards the surface or through the boundary inside the BC. Furthermore, the
greatest damage occurs at the model’s ends, as it was in SEM observations.

An exactly identical damage mechanism can be observed in analysis of samples
subjected to bending simulation (Fig. 8.9). In this case, vertical cracks appear that
do not cross the boundary into the BC, but only change their direction and prop-
agate along the TC-BC interface.

The proposed method of modelling TBCs can serve for calibrating material data
or even as a submodel for simulations that include actual blade geometry.

8.2 Application of Submodeling Technique and X-FEM
Methods for Detailed Analysis of Cracking Process
in Turbine Blades TBCs

In order to take into account all factors that TBC cracking depends on, such as body
forces, thermal loads and alterable geometry, it is necessary to perform numerical
tests of a fragment of the turbine blade at the microscopic scale. Below, the use of
submodeling and Extended Finite Element Method (X-FEM) for detailed analysis
of the selected blade fragment is presented.

8.2.1 Submodeling

The submodeling technique is used for obtaining more detailed and accurate results
for the analysed fragment (submodel) of the global model. This technique involves
drawing information for the submodel from the global model, which has a thin
mesh, as displacement boundary conditions—temperature or stress fields. The
submodel has a much denser mesh in comparison to the global model, and con-
sequently the results are more comparable to reality in selected fragments of the
analysed model. This technique therefore enables saving calculation time, partic-
ularly in situations when simulation results are needed only for a selected place of a
relatively large model.

Doubtless, an advantage of this method is the possibility of obtaining a relatively
accurate problem solution when a detailed examination of the behaviour of a small
area, properly described in a different scale than the large object, is interesting and
important. Not without importance are also the savings in time and computing
power that would have to be employed when constructing a single model that took
into account all details included in submodels.
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8.2.2 X-FEM Method Basics

Modelling motionless discontinuities, such as cracks, using the conventional FEM
requires the mesh to be consistent with geometry of discontinuities. It is also
necessary to increase the mesh density at the crack tip. Modelling crack propagation
is even more troublesome, as it requires constant mesh updating, in accordance with
the developing crack’s geometry.

The X-FEM alleviates the above inconveniences. It was first introduced in [1, 2].
It is an extension of the conventional FEM, based on the ‘partition of unity FEM’
concept, [3], which enables local enriched functions to be included into approxi-
mations of a non-continuous displacement field of a finite element. The presence of
discontinuities is ensured by special enriched functions combined with additional
virtual degrees of freedom.

For the purposes of fracture analysis, an enrichment function typically comprises
functions asymptotic to the crack tip (capturing singularities around it) and a
non-continuous function representing the displacement jump of the entire crack
surface. Selected nodes around the crack have extra degrees of freedom associated
with the enriched function. The approximation takes the form of an extrinsic
enrichment of the displacement function u is defined by the following relation:

N 4
u= ZNI(x) u+ H(x)ar + ZFa(x)bf‘ , (8.7)

=1

where:

Ni(x) basic shape function for nodes,

uy node displacement vector for the basic shape function,

H(x) Heaviside jump function,

a vector introducing additional degrees of freedom (discontinuity jump),
F,(x) enrichment function asymptotic to the crack tip,

b} vector introducing additional degrees of freedom (crack tip).

The first expression on the equation’s right side applies to all nodes in the model.
The second expression is important for nodes crossing the crack. The third
expression is only used for nodes located at the crack tip.

The enrichment function F,(x) of crack tips is expressed as:

[Fu(x),a=1—-4] = \/;sing,\/;cos;ﬁsin@sin%ﬁsin@cosg (8.8)

where r, &—are the polar coordinates of the coordinate system at the crack tip,
Fig. 8.10.
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Fig. 8.10 Coordinate system oX
at the crack tip NG [ s

crack tip

Cracks initiation and growth criteria, defined as a cohesive degradation of an
enriched finite element, can be expressed as:

function of the principal stress or strains,
function of the nominal stress or strains,

e coupled criterion in quadratic form (or higher order) related to the state of stress
or strains.

8.2.3 Preparation of Model for Simulation

The use of X-FEM and submodeling models will be demonstrated using the
description of the cracking process of an engine working blade. It is therefore a
continuation of the author’s own tests commenced in Chap. 4 where a method of
determining stresses in blades was presented and results were verified analytically.

Works discussed in this chapter involved isolating of a small volume fragment
from the blade model, where the greatest stress concentrations occurred
(Fig. 8.11a). The global model is that the blade , as well as the submodel, must be
placed in the same coordinate system. After copying the model, in order to perform
the cutting operation by pulling, in order to leave a small volume (submodel), as in
Fig. 8.11b, the surfaces created previously were used. The submodel was subse-
quently divided into partitions and consequently a 0.3 mm-thick TBC protective
layer was isolated. It was assumed in the numerical model that the TBC is made of
brittle ceramics that is subjected to damage. In the description of this material, the
scalar damage parameter d was made dependent on the maximum stress criterion.

The submodel’s load comprised the results obtained in the global model simu-
lation, presented in Chap. 4. In order to create a mesh, 104,987 C3DS8R linear
hexahedral elements were used (Fig. 8.11c). After calculating the submodel, the
same displacement values at nodes were obtained, which proves that the procedure
was conducted correctly.

At the next stage, a series of simulations were performed for various rotational
speeds of the engine, observing the development of damage that appeared and
propagated in the TBC layer.
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(a) (c)
(b)

Fig. 8.11 Global engine blade model (a); selected submodel (b); MES mesh of the submodel (c)

8.3 Analysis of Results

As a result of using the X-FEM technique, the acceptable rotational speed for the
rotor with embedded blades, at which blade damage does not occur, can be
determined.

In the discussed case, the load was pressure from the exhaust gases (constant for
all cases) and the rotational speed. The effect was therefore the observation of the
effects of rotational speed increase on the damage level in the TBC ceramic layer.
The threshold value was 26,750 RPM. Above, within merely 750 RPM, a rapid
increase in the number of damaged elements (Fig. 8.12) occurs and consequently—
increase in crack length.

The X-FEM method enables observing crack development in engine blades with
increasing rotational speed, right up to the critical moment preceding blade
defragmentation of the TBC. Gradual development of the crack in an isolated TBC
layer of the submodel, as a result of increasing speed, is presented in Fig. 8.13.
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Fig. 8.12 TBC damage development in an engine blade described by the number of removed
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Fig. 8.13 Crack development in a TBC layer as a result of increasing rotational speed of the blade
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8.4 Conclusions

The submodeling technique employed in the numerical calculations enabled a more
accurate execution of the finite element mesh with a protective TBC layer applied.
The section for the isolated fragment, in the global model, was composed of 772
elements, while the submodel was made of 104,987 elements. As a result, more
accurate distributions of the Huber—von Mises reduced stress values were
obtained, higher by 18.6 % (considering the maximum value) than in the global
model. Using the X-FEM technique, the blade’s critical rotational speed value, at
which the TBC layer is not damaged, was determined. After exceeding the 26,750
RPM speed, quick development of a crack, i.e. removal of elements from the model
occurred, up to the speed of 27,500, above which the increase is not as rapid
anymore. The presented pattern of solving problems of detecting the most stressed
places can be useful when designing blades, so that conducting expensive tests can
be avoided.
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Chapter 9
Summary

In the book, the use of a new method of assessing damage developing in TBCs,
subjected to thermal and mechanical loads, was presented. The method includes
both numerical modelling and experimental tests.

A numerical method of determining TBC damage at uniaxial tension, 3-PB and
complex states occurring in turbine engine blades was proposed.

In particular, the study’s scope covered the following problems of experimental
tests and numerical calculations:

I. within the scope of experimental tests, the following have been performed:

e optical microscope examinations, including thickness measurement of individ-
ual layers of the TBC system,

e working blade surface analyses after a completed service life, in order to
determine the content of elements,

e microhardness measurements in order to determine the TBC layer’s Young’s
modulus,

e ageing of dumbbell samples for stretching, and beam samples for bending, for
various time intervals and a temperature of 1000 °C,

e uniaxial tension tests of dumbbell samples using the ARAMIS system for
measurements of TBC layer damage and acoustic emissions (AE) for the pur-
poses of damage initiation analysis,

e SEM observations in order to determine the TBC damage resulting from
stretching, and determine the TGO layer thickness,

e EDS X-ray analyses in order to determine the content of elements in individual
layers after ageing,

e 3-PB tests, in a holder designed by the author, enabling adjustment of supports
and the use of AE for determining damage initiation,

e microscopic observations for samples subjected to bending.
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II. within the scope of numerical tests, the following have been performed:

FEM model of the steering blade with an internal cooling channel, and
thermal-flow calculations in order to determine the temperature distribution in
the blade and the TBC,

proper vibration frequency calculations for the working blade, with a TBC and
without a coating, for various rotational speeds within the 0-30,000 RPM range,
and for the temperature range of 0-900 °C,

calculations of stress and temperature distributions in an FGM coating and a
two-layer coating, subjected to thermal loads,

calculations of thermal loads for individual stages of protective coating
deposition,

calculations of bending-induced stresses in a dumbbell bone sample subjected to
UTT tests,

analysis of the effects of testing machine holder shape during shearing tests on
the value of force that causes delamination of the protective coating,

FEM model of the TBC structure, including damage, and simulations for tension
and bending,

FEM model with the use of the advanced X-FEM technique and submodelling
for determining the critical rotational speed value of a blade with TBC. The
primary scientific goal of the study was the analysis of operation of blade and

The conducted numerical and experimental tests allowed for the following

conclusions:

currently, there is no clear answer to what material containing rare earth ele-
ments can be used as a replacement for YSZ to increase blade operation tem-
perature and increase engine power,

the use of ceramic coatings results in decreasing the proper vibration frequency
throughout the considered speed range, in comparison to a coatless blade. For
the first form, these differences range from 4.7 to 7.4 % and increase with
increasing rotational speed,

one of the elements detected on the working blade’s surface was chlorine, and it
can facilitate the occurrence of chemical corrosion and, together with the
forming surface cavities, can reduce its fatigue resistance,

in terms of assessing initiation of the TBC layer damage during uniaxial tension
tests, a more effective method than the ARAMIS system appears to be AE,
EDS measurements, after ageing, indicate diffusion of elements between all
layers,

an important factor when using TBCs are internal stresses occurring as a result
of deposition onto the metallic substrate. Stresses in the coating are from 7 to 27
times higher for cases when the blade is not heated. Pre-heating should therefore
be applied, as the ceramic layer may be damaged during deposition,

for non-aged samples and set deflection of 0.8 mm, no visible edge cracks were
observed during 3-PB tests. However, delamination at the interface of TC and
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BC layers occurs at the sample’s edge. By extending the ageing process, various
phases of damage development at the same set displacement can be observed,

e when analysing simulation results for TBC stretching, it must be noted that
within the range of loads applied to the second batch of samples subjected to
ageing process, destruction evolution in a model is consistent with microscopic
observations,

e as a result of using the X-FEM technique and submodelling, the acceptable
rotational speed for the rotor with embedded blades, at which blade damage
does not occur, can be determined,

Further works will be aimed towards new experimental tests and numerical
simulations that should reflect as best as possible the loads that protective coatings
are subjected to during operation. It significantly influence proper design of the
turbine blades of jet engines covered by the TBCs systems.
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