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Ceramic Matrix Composite (CMC) is an emerging material system that can be a game changer in the aerospace
industry, both civil and military. CMCs components are, in fact, lighter and less prone to fatigue failure in a high
temperature environment. However, at high temperatures, the diffusion of oxygen and water vapour inside the
CMC can have detrimental effects. Therefore, the presence of protective coating is necessary to extend the life of
CMC components. In the present work, a three-layers coating, consisting of a silicon bond (BND), adhesively
bonded to the CMC, an Environment Barrier Coating (EBC) and a softer layer 3 (LAY3), is investigated for a CMC
component. An aero-engine high pressure turbine seal segment was considered. Two design aspects are covered:
(i) creep law is determined and calibrated in environment Abaqus from the experimental data of each coating
layer available in the open literature, to provide a suitable instrument for the creep relaxation analyses of hot
components; (ii) thickness sensitivity study of each layer of the coating is conducted to minimise the interface
stresses of coating with substrate in order to mitigate cracking and removal/spalling phenomena when exposed
to temperature gradients and to increase their service life. These two different aspects are combined together to
predict the coating stress field as a function of service time.

1. Introduction

Silicon Carbides (Sic/Sic) Ceramic Matrix Composites (CMC) could
be a game changer in the aero-engine industry [1]. Main advantages are
their strength at high temperatures [2,3] and their weight advantage
compared to traditional materials conventionally used for a Turbine
Sub-system component such like nickel super alloys [4], including their
single crystal design variant [5]. CMCs have one third of the density of
their metallic counterpart and offer superior structural performance at
elevated temperatures. Furthermore, the decay in strength and stiffness
is much less pronounced with respect to the metallic nickel alloys for
temperature even 200°C higher than their service temperature [6].
Therefore, CMCs represent a promising alternative in aero-engine High
Pressure Turbine System allowing to reach higher turbine operative
temperatures, which would improve the thermal efficiency of the tur-
bine component and the propulsive efficiency of the engine, contribute
positively to the reduction of NOx emissions [7]. However, one of the
main challenges for this type of CMC is the silica formation and evap-
oration driven by oxidation [8,9]. For this reason, a protective coating is

* Corresponding author.
E-mail address: f.rubino@unisa.it (F. Rubino).

https://doi.org/10.1016/j.finmec.2023.100251

necessary [10-13]. The designed coatings will act as a thermal and
environmental barrier against the high temperature oxidation environ-
ment [14,15]. These coatings are commonly manufactured by means of
thermal spray techniques, such as high velocity oxygen fuel (HVOF),
atmospheric or low-pressure plasma spraying, to mention but a few
[16-23].

The sealing coating is composed by three layers (Fig. 1). They are, in
order from the interface with the substrate: (i) the silicon bond layer
(BND), which allows the bonding between the CMC substrate and the
coating and mitigates the mismatch in the thermal expansion co-
efficients of them; (ii) the Environmental Barrier Coating (EBC) which
exerts the actual protective function against the working environment;
(iii) the external sacrificial softer layer (often defined as abradable [26])
needed to control the tip clearances for the aero engine performance
improvement [10,24-26]. Both sacrificial layer (hereinafter indicates as
LAY3) and EBC are made of Ytterbium disilicate, YbySi;O7. The and the
EBC differ each other for the percentage of porosity existing in both
coating layers [26,27], as visible in Fig. 1.

The porosity, desired for LAY3 [28], while unwanted in the EBC, is
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Fig. 1. A SEM image of the 3 layers of the coating system investigated in this
work [10].

crucial to limit oxygen and water vapour diffusion and for the structural
integrity of the coating. The bond coat, beside promoting the bonding
between two different materials, also acts as a “reservoir” to retain
oxidisers before they react with the underlying CMC substrate providing
a further protection.

Coating spraying process, in fact, induces a residual stress [29] that
tends to be modified with the heat treatment and with the in-service
conditions (both mechanical and thermal loads). Accurate predictions
of deformation and potential stress relaxation of the coating during the
flight cycle and more during its in-service life are, therefore of para-
mount importance. Creep data have been measured and made available
in the published literature [30,31]. In the first part of the paper, a creep
law model has been coded by using an Abaqus Sub-routine and the
calibration of creep law parameters has been conducted by using the
creep data available in the published literature for the material systems
(BND and EBC) [30,31] and following the procedures reported in the
open literature [32,33]. The second part of the work deals with the
optimisation of the thickness of each coating layer subjected to thermal
gradients [34]. To author’s best knowledge, this aspect is relatively
unexplored in the open literature for CMC coating systems. The aim of
the optimization is to find an optimal configuration of the coating to
minimise the interface stresses between the layers of the coating and
between the coating and the CMC substrate, responsible for cracking and
coating loss in service. Minimising these stresses would increase the
chances of a longer in-service-life. Silica depletion [35] and Thermally
Grown Oxide (TGO) [36] (Thermally-Grown-Oxide) at the bond inter-
face are not considered at this stage but could be included as a part of
future work.

2. Experimental creep data conversion to Abaqus

Experimental data of BND have been produced at different temper-
atures for a stress point of 8.3 MPa. Details of the creep experiments are
given in [30,31]. All creep tests were performed in air by using a 4-point
bending fixture. It is here remarked that the results given by this kind of
test is for qualitative understanding and general trend only. The raw
data are presented in Fig. 2a. The experimental data of the EBC coating
for a stress point of 15.8 MPa are shown in Fig. 2b.

In Fig. 2a, isothermal 4-point flexure creep data of the silicon bond
(BND) are shown for three different temperatures, at which the
component layer is potentially supposed to operate at different flight
conditions. Two phases of the creep inelastic strain are clearly visible:
primary creep and secondary creep. The biggest contribution to the
creep strain is given by the primary creep. It is important to remark that
consistent behavior is observed at the three temperature regimes and no
relevant inelastic creep strain has been measured in the experiments
performed below 1273 K. The stress level chosen to produce the
experimental data is 8.3 MPa. This is a potential BND stress value in
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Fig. 2. (a) silicon BND raw creep data (experimental) at different temperatures;
(b) EBC raw creep data (experimental) at different temperatures

cruise (not in transient heating up or cool down phases). The condition
at which the BND will spend more operative time and therefore the one
more likely to cause creep. In Fig. 2b, experimental data of plasma
sprayed YbSi;O7 EBC are given. The data are reported for three different
temperatures regimes and for a stress of 15.8 MPa. Same comments
written for the BND concerning stress and temperatures, primary and
secondary creep, also apply for the EBC. Experimental data has been
recorded every 0.2 s.

Concerning the silicon bond, a power law time equation [37] has
been initially implemented in Abaqus by using a user sub-routine. The
power law initially used is given in Eqn.1.

Ci

'y <7
= ma“t””e T + C5O'C6€ Tt (1)
3

€cr

Where, ¢ is the creep strain, calculated with the analytical approach
of adding primary and secondary components, ¢ is the Von Mises Stress,
T is the temperature expressed in Kelvin, t is the time in seconds, ¢; (with
i=1,2,3,4) are the coefficients of primary creep, ¢; (with j = 1,2,3,4) are
the coefficients of secondary creep. This creep equation has been
selected because of its ability to model both the primary and secondary
creep with simple fitting coefficients. Furthermore, it is capable of
predicting creep strain regardless of any coupling between time and
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either stress or temperature [47]. Creep tests for BND have been per-
formed at different temperatures but at only one stress point. Conse-
quently, exponents ¢, and cg cannot be calibrated as a function of stress.
Predictions are therefore meaningful only for values of Von Mises Stress
close to 8.3 MPa. Linear dependency of creep has been assumed as a
function of stress. In mathematical terms, coefficients c; = cg = 1.

A nonlinear least square optimization procedure is adopted as a first
attempt to produce data fitting for the constants c¢;-c; used in Eqnl. The
primary aim is to find the value for the material constants which mini-
mise the error to the experimental data. In mathematical terms this is
expressed as the minimisation of err (cj, ¢z, c3, ¢4, C5, Cg, C7), defined in
Eqn.2.

err = i ( i (grr_mp - ecr)2> ()]

u=1 v=1

Where, ¢, is the creep strain, calculated with the analytical approach
of Eqn.1, e exp is the creep strain experimentally measured, m is the
number of different data sets (for different temperatures or stress
values), 3 in this case, corresponding to three different temperatures, n is
the number of data points of one single data set.

The nonlinear least square optimization algorithm proposed by
Gong, Hyde, Sun and Hyde [33] the Levenberg-Marquadt was used and
it has been implemented with the ‘Isqnonlin’ command in MATLAB
environment. The results of this technique are not satisfactory, as
observable in Fig. 3.

Therefore, modifications to the mathematical expression of the creep
law have been proposed and attempts have been conducted to find a
better error minimisation, using data available in the literature for this
coating system. To do that, the first observation is that the creep strain at
1473K is much higher than the one at 1373K or 1273K. For this reason,
two modifications are proposed to Eqn.1:

1) If the temperature is above 1373K, Eqnl will use 2*c5 instead of cs,
2) A factor f = (&)2 has been added to Eqn.1.

The creep power law presented in Eqn.1, is thus modified as per Eqn.
3:
P R e s L
T > 1373 €., —fmo"t eT +2f(,'50'667t
3
c (7} 1 (3)
T<1373 €, =f——0621"%eT + fes6eTt
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The range of validity of Eq. (3) is one of the experimental data
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Fig. 3. Results of the first data fitting attempt with the “traditional” power low
of Eq. (1).
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(1273<T<1473). When these two modifications are made, a GA opti-
miser [38] has been run together with Abaqus to fit the parameters. The
creep model is implemented in Abaqus by using a Fortran sub-routine.
The optimisation loop has been coded in MATLAB (Abaqus is called
via DOS) and shown in Fig. 4.

The Abaqus FE model simulates a uniaxial creep at 8.3 MPa nominal
stress for 70200 s. One side of the specimen is fully restrained (all dis-
placements of the end face are set to zero) and the other side is loaded
with a traction of 8.3 MPa. Creep strain is measured every second and
the error calculated with Eq. (2). Fig. 5 gives an overview of the FE
model with load and boundary conditions applied.

The results of the calibration procedure are shown in Fig. 6 and the
optimum parameters are summarized in Table 1.

It can be remarked that the Abaqus predictions and the analytical
formulation are giving different results, especially in the first seconds of
the simulation. This is due to numerical errors. This issue is not inves-
tigated in this paper as it is out of scope.

As already remarked, the implementation of the model expressed in
Eqn.3 is done in Abaqus by using a Fortran sub-routine. Although this
allows flexibility and precision of structural analysis, it is not beneficial
in terms of computational running time. If the required precision for
design purpose is reached without the use of a Fortran sub-routine this
would be beneficial. For this reason, the creep experimental data of the
EBC have been modelled with a simple power low of the form expressed
in Eqn.4.

de.,
dt

= Aot 4)

Where q, b are exponents and A is a multiplier, in other words fitting
parameters.

The same optimisation tool (Abaqus MATLAB loop) has been used to
optimise the fitting parameters. Their value is given in Table 2. Also in
this case, as already done for the BDN, the von mises exponent has been
left equal to 1, as the dependency on stress cannot be extracted from
experimental results.

The results of the fitting are given in Fig. 7.

Experimental data of the EBC have been obtained for a range of
temperatures different then the BND. The fitting is considered satisfac-
tory for design purposes. In Fig. 7, error minimization between the
experimental data and the model are shown at different temperatures.
The proposed calibration is still not fully capable of exactly following the
shape of the experimental data curves for lower temperatures (1073 K,
1123 K). The creep strain is in fact first underpredicted and then over

Initial point

. . Error below threshold
Abaqus Simulation END

Error above threshold

GA in MATLAB

Fig. 4. Optimisation Tool for calibrating the parameters of the modified creep
power law for the bond coat.
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Fig. 5. (a) Boundary Condition at the bottom surface; (b) Traction at the
top surface.

predicted after 50000 s exposure time. However, the model can give
conservative results for longer creep exposure (time greater than 50000
seconds) and the error for long time exposure is in any case within 10%,
result acceptable for engineering design and assessment. More impor-
tantly, when modelling the high temperature behavior (1173 K), the
error for long exposure time is below 1% and the shape of the experi-
mental curve is well caught by the model. The power law, furthermore,
does not need a Fortran sub-routine to be implemented in Abaqus and it
is much faster in producing analysis results.
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Fig. 6. Data fitting with the new proposed formulation: (a) 1473 K; (b) 1373 K;
(c) 1273 K.

3. Optimization of the layers thickness

The High-Pressure Turbine components are subjected to severe
temperature gradients during transient conditions. Coating failures,
including loss and spallation, has been in fact observed in service [39]. It
is therefore important to reduce in plane interface stresses between each
layer of the three constituents of the coating: LAY3, EBC and BND [39].
Transient stresses are a function of the elastic and thermal properties of
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Table 1
Optimum parameters for BND creep
(primary and secondary).

c1 1020
(2 1

c3 -0.91
cy 25600
(7] 200

Cé 1

cy 37000

Table 2

Optimum parameters for LAY3 creep (primary and secondary).
A a b T
1.01716e-06, 1 -0.68 1073
1.52516e-06, 1 -0.68 1123
4.3959e-05, 1 -0.98 1173
5.8514e-05, 1 -0.98 1473

each coating layer. A coating structure with different layers will have a
different thermal response and therefore a different stress distribution at
the interface. The value of the thickness of each layer influences the
magnitude of these stresses, therefore it is crucial for the integrity of the
component the evaluation of the optimal configurations of the
three-layered coating, which minimise the peak in-plane stress at the
interface. The DoE procedure was used to determine the thickness of
each layer in a coated CMC component. Three possible thicknesses were
defined for each layer. The selected values are summarized in Table 3.

The thickness of the CMC substrate is a constant and not considered
as variable. To investigate which thickness combination gives the lowest
interface stresses, a worst Principal Stress (WPS) of the virtual experi-
ment has been built. The stress considered in WPS is the one causing the
crack initiation on the coating system. It has been taken in the mid-node
of the cross section (to avoid edge effects, which are already small in this
case). In the design of experiment procedure, considering the three
coating layers which can assume 3 discrete values of the thickness each,
a full factorial plan consisting of total of 3° = 27 specimens (I* = 32,
where 1 is the number of levels for the variables and n is the number of
variables) was designed. The specimens will differ each other only for
their coating thickness layers, thiays, thesc, thenp, for the LAY3, EBC and
BND layers, respectively (Table 4). The complete list of specimens (and
corresponding FE Models) is given in Table 4.

The virtual specimen is shown in Fig. 8.

Virtual specimen dimensions are given in Table 5. The frame of
reference used is the one shown in Fig. 8.

The optimal configuration of the layers’ thicknesses, able to mini-
mise the interface stress between the layers (LAY3/EBC, EBC/BND and
BND/CMC interface) is searched by simulating the twenty-seven sce-
narios. FE Modelling is described in Section 3.1. Results are given in
Section 3.2

3.1. FE modelling

The thermal transient (heating up) has been modelled as an explicit
Abaqus thermal analysis. Thermal maps (temperatures at each node)
have been exported every 0.1 s. The thermal maps have been then
applied to a stress analysis (a series of quasi-static analyses, each every
0.1s). The same mesh has been used for thermal and stress analyses.
HEX20 elements have been used, with a 0.1 mm size. A minimum of 3
through-the-thickness elements have been applied to every layer of the
coating. The thermal top surface boundary condition is shown in Fig. 9.
A temperature (1300°C) is imposed.

Forces in Mechanics 14 (2024) 100251

a) X103
1,8 [
— 16T
c
g 1,2
n L
2 0o |
o 0,8 i
!
O 0,6 il - - -Abaqus
04 H Model
0,2 5 —Experiment
O L 1 1 1 L 1 1 1 1 1 L 1 1 1 L 1 1
0 10 20 30 40 50 60 70 80 90
. 3
Time [s] x10
x103
b) 3
NN
£
g
17
Q
(0]
& , Abaqus
' -
O G I8 Model
o ——Experiment
0 n 1 " 1 I 1 1 1 n 1 " 1 n 1 " 1 "
0 10 20 30 40 50 60 70 80 90
Time [s] x103
x103
C) 10
9 [
— 8
.L‘ -
e I
geor
»n 5 [
Q. i - - -Abaqus
g 4 F Model
o 3 ——Experiment
2
1
O 1 " 1 " 1 " 1 " 1 " 1 N 1 " 1

0 10 20 30 40 50 60 70 80 90
. x10%
Time [s]

Fig. 7. EBC creep data fitting results: (a) 1073 K; (b) 1123 K; (c) 1173 K.

Table 3
Coating thickness layer design options.

level 1 [mm] level 2 [mm] level 3 [mm]

LAY3 0.4 0.5 0.6
EBC 0.15 0.25 0.35
BND 0.05 0.1 0.15

A film condition to represent air forced convection (film coefficient
0.01 mW/mm?/K) ** and a radiation condition (emissivity 0.85) [40] to
model the energy dissipated by irradiation have been used for the bot-
tom surface (Fig. 10).

The thermal problem is treated as a 1D problem (no temperature
distortion at the edges). Twenty-seven (27) different thermal transients
have therefore been obtained. The output of these models are nodal
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Table 4
Complete list of virtual specimens and corresponding FE models.

Configurations thiays thegc thgnp
1 0.5 0.25 0.1
2 0.6 0.25 0.1
3 0.4 0.25 0.1
4 0.5 0.15 0.1
5 0.6 0.15 0.1
6 0.4 0.15 0.1
7 0.5 0.35 0.1
8 0.6 0.35 0.1
9 0.4 0.35 0.1
10 0.5 0.25 0.15
11 0.6 0.25 0.15
12 0.4 0.25 0.15
13 0.5 0.15 0.15
14 0.6 0.15 0.15
15 0.4 0.15 0.15
16 0.5 0.35 0.15
17 0.6 0.35 0.15
18 0.4 0.35 0.15
19 0.5 0.25 0.05
20 0.6 0.25 0.05
21 0.4 0.25 0.05
22 0.5 0.15 0.05
23 0.6 0.15 0.05
24 0.4 0.15 0.05
25 0.5 0.35 0.05
26 0.6 0.35 0.05
27 0.4 0.35 0.05

e

Fig. 8. Virtual specimen for the Design of Experiment trials to minimize the
interface stresses.

Table 5
Virtual specimen dimensions.

x — dimension y — dimension z — dimension

LAY3 1 1 thiays
EBC 1 1 thgse

BND 1 1 thenp

cMC 1 1 1

temperatures. Nodal temperatures have been exported to a thermal
model (map exported every 0.1 s). Steady state stress analyses have been
performed from 0.1 s to 2s of the transient, with an interval of 0.1 s. The
only boundary condition applied is a fix point on the bottom surface
mid-point. The output of the stress models is a set of stress values at the
interface (stress is taken in the mid-section node to discard the edge
effects. Stress values are available every 0.1 s from O to 2 s. Thermo-
mechanical properties have been taken from the open literature [30,
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Table 6
LAY3 thermo-mechanical properties as a function of temperature.
20°C 1300°C

Stiffness Modulus E [MPa] 33400 26720
Poisson’s ratio v 0.3 0.3
Thermal conductivity ¢ [mW/mm/K] 1.60 1.20
Density p [Mg/mm°] 5.32%107° 5.32%107°
Thermal expansion coefficient a [1/K] 4.95%107° 6.05*107°
Specific heat [mJ/Mg/K] 4.40%10° 4.64*10°

31,41-45]. No contact conditions were defined between the layers but
equivalence of nodes in the Finite Elements Model. The different coating
layers are in fact bonded together with no possibility of free relative
movement [48,49]. LAY3 data is available in Table 6. EBC is Table 7.
BND in Table 8 and CMC substrate in Table 9. Data is linearly
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Table 7
EBC thermo-mechanical properties as a function of temperature.
20°C 1300°C
Stiffness Modulus E [MPa] 150000 120000
Poisson’s ratio v 0.2 0.2
Thermal conductivity ¢ [mW/mm/K] 2.00 1.50
Density p [Mg/mm?] 6.65*10° 6.65*10°
Thermal expansion coefficient a [1/K] 3.50*%10° 5.50%10°
Specific heat [mJ/Mg/K] 5.50%10° 6.05%10°
Table 8
BND thermo-mechanical properties as a function of temperature.
20°C 1300°C
Stiffness Modulus E [MPa] 97000 89046
Poisson’s ratio v 0.21 0.21
Thermal conductivity ¢ [mW/mm/K] 20.00 15.00
Density p [Mg/mm°] 2.33%10° 2.33%10°°
Thermal expansion coefficient a [1/K] 3.50%10°° 5.00%¥10~°
Specific heat [mJ/Mg/K] 7.00%10° 7.70%10°
Table 9
BND thermo-mechanical properties as a function of temperature.
20°C 1300°C
Stiffness Modulus E, [MPa] 345000 320850
Stiffness Modulus E, [MPa] 345000 320850
Stiffness Modulus E, [MPa] 251850 193601
Stiffness Modulus G, [MPa] 151800 99029
Stiffness Modulus G,, [MPa] 151800 99029
Stiffness Modulus Gy, [MPa] 110000 84174
Poisson’s ratio vy, 0.15 0.15
Poisson’s ratio vy, 0.15 0.15
Poisson’s ratio vyz 0.15 0.15
Thermal conductivity ¢, [mW/mm/K] 45.00 34.00
Thermal conductivity ¢, [mW/mm/K] 45.00 34.00
Thermal conductivity ¢, [mW/mm/K] 33.00 25.00
Density p [Mg/mm?>] 3.00%107° 2.33%107°
Thermal expansion coefficient a, [1/K] 3.90%10°° 4.60*10°°
Thermal expansion coefficient a, [1/K] 3.90%107° 4.60%10°°
Thermal expansion coefficient a, [1/K] 4.10%10°° 4.80%10°°
Specific heat [mJ/Mg/K] 6.70*10° 7.20%108
40
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Fig. 11. LAY3/EBC Worst Principal Stress during thermal transient (heating up).
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Fig. 12. EBC/BND Worst Principal Stress during thermal transient (heating up).
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Fig. 13. BND/CMC Worst Principal Stress during thermal transient (heating up).

interpolated between 20 and 1300°C.
CMC properties are defined via directional engineering constants
along the axes x, y and z shown in Fig. 8.

3.2. Results

The stress response at the interface is the main result of interest of the
models. Stress time dependency (stress history) is important when
evaluating the coating. During thermal transient, the stress at the LAY3/
EBC and EBC/BND interface increases with time until a maximum value
is reached. When the temperature gets more uniform, the interface stress
tends to decrease and stabilise. For the BND/CMC interface, the inter-
face stress tends to increase until a maximum value is reached at the end
of transient. The worst in plane principal stress at the layer interfaces, is
shown in this section. The interface stresses between LAY3 and EBC,
between EBC and BND, and between BND and CMC are given in Fig. 11,

Fig. 12 and Fig. 13, respectively, while the stresses on the CMC substrate
are shown in Fig. 14.

To rank the 27 models, in other words to establish a performance, a
fitness function of the design solution, the minimum non-negative stress
is extracted from the plots (excluding time 0, where no stress state ex-
ists). The extracted minimum non-negative stress values at the three
interfaces (namely LAY3/EBC, EBC/BND, and BND/CMC) are reported
in Table 10.

Configuration 27 is the one giving the best results for LAY3/EBC
interface. The best result is obtained by decreasing the thickness of LAY3
and increasing the thickness of EBC. Results are more sensible to the
thickness of the LAY3 than to the EBC and BND thickness. To prove this
concept, let the interface stress of model 25, 26 and 27 be compared
(Fig. 15).

A 25% difference can be appreciated in the peak stress between 0.5
mm LAY3 thickness (model 25) and 0.6 mm LAY3 thickness (model 27).
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Fig. 14. CMC Substrate Worst Principal Stress during thermal transient (heating up).

Table 10
Minimum non-negative worst principal stress at the three interfaces, LAY3/EBC,
EBC/BND, BND/CMC for the 27 configurations tested.

Configurations LAY3/EBC EBC/BND BND/CMC
1 21.1 48.04 35.92
2 19.58 40.59 31.72
3 16.42 58.77 41.66
4 21.57 58.66 39.5
5 19.79 49.23 34.68
6 17.26 71.93 45.9
7 21.36 38.73 31.89
8 19.76 32.93 28.35
9 28.03 25.95 24.85
10 21.33 45.75 29.2
11 19.72 38.42 25.87
12 16.8 56.24 33.73
13 21.73 57.32 32.73
14 19.86 47.82 28.88
15 17.6 70.85 38.09
16 21.56 35.88 26.03
17 19.89 30.31 22.92
18 17.13 43.87 29.25
19 20.83 50.2 43.08
20 19.42 42.63 37.86
21 15.96 60.96 49.97
22 21.37 58.82 46.24
23 19.74 49.78 40.47
24 16.78 71.5 53.59
25 21.11 41.95 38.71
26 19.6 35.93 34.29
27 16.41 50.51 44.68

If, on the other hand, we consider the models with thyays = 0.4 and thgnp
=0.05 (model 21, 24 and 27), we can observe that the difference in peak
stress is much lower (Fig. 16).

When looking at the EBC/BND interface, the model with lower stress
is Model 9 (see Table 5 for the details of layers thickness). Also in this
case, as per model 27, thyayz = 0.4 and thggc = 0.35. Second ranked is
model 8, and third ranked is model 7. These three models differ only for
the LAY3 thickness and have all thgyp= 0.1. If thgyp = 0.05 (Model 27), a
massive stress increase is instead observed. This implies, as expected,
that BND thickness plays an important role for this interface. Compar-
ative results of these models (7, 8, 9 and 27) are given in Fig. 17.

When looking at the BND/CMC interface, the model with lower
stress is Model 17. In this case, thyays = 0.6 and thggc = 0.35. However,

25

20 b ----model 25
’;{,{ - - model 26

15 i \ —model 27
i

Stress [MPa]

Time [s]

Fig. 15. LAY3/EBC Interface Worst Principal Stress during thermal transient
(heating up) — Model 25, 26 and 27 in isolation.

model 9 is second ranked in stress performance for this interface. Model
9 is also the best one for the CMC substrate itself (Fig. 14). It is therefore
concluded that the best design solution of the Design of Experiments is
thyays = 0.4, thgge = 0.35 and thgyp = 0.1. This comes from taking the
minimum of the sum of fitness values in Table 10.

It has been found that the thickness of LAY3 layer has a strong effect
on the thermal and mechanical response. With the adopted material
properties, it has been found that reducing the LAY3 thickness may be
beneficial. BND thickness lays a role in the EBC/BND interface integrity.
It must however be remarked that the results are strongly dependent on
the material properties itself. These conclusions are quite sensitive to the
material properties used. For this reason, the results need to be taken by
the reader as qualitative and not conclusive to describe the actual
behaviour of the coated CMC component. Being aware of the sensitivity
of the results with respect to material properties, a combinatorial design
of experiments procedure has been preferred to a proper optimisation
[46], either gradient based or with heuristic techniques. In case the
material properties are well established, an optimization with TGO and
silica depletion constraints could be proposed instead and will be a part
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Fig. 16. LAY3/EBC Interface Worst Principal Stress during thermal transient

(heating up) — Model 21, 24 and 27 in isolation.

60
- - model 7
50 ---model 8
i —model 9
model 27
|—|40 [ - -
© - TS
o P Ses
= AN
830 r A “~.:_\C
o // /. ‘NN\
& ' ~
20t/ s
/i ~ '\.\
/ \\\.‘
10t ) ! N
i
,I.
0 ¥ L L L L L L L L L
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Time [s]

Fig. 17. EBC/BND Interface Worst Principal Stress during thermal transient
(heating up) — Model 7, 8, 9 and 27 in isolation.

of future work. The value of the design of experiment here proposed can
be, however, the basis of any design options.

4. Using the inelastic calibration to establish the structural
performance of the optimum coating

The two aspects treated in this work are combined to give an analysis
procedure of the coating stress with inelastic material properties. Three
consecutive flight profiles 2° are simulated with inelastic material
properties (creep properties calculated in Section 2) to show inelastic
strains. It is important to remark, then any contribution to the defor-
mation is crucial for the design of these applications. Gaps and tip
clearances are a strong influence on the engine performance and sta-
bility. The design solution chosen is the “configuration 9” individuated
by the DoE. Model 9 is therefore subjected to a uniform temperature
profile (1200°C) as shown in Fig. 18.

This flight profile has the duration of 29000 s, and it is repeated 3
times during the simulation. The inelastic creep strain at the interface is
given in Fig. 19.

Creep deformation is mainly driven, as expected, by the initial pri-
mary creep. Strain keeps increasing but with a very small rate. It is
remarked that the initial Residual Stresses due to the spray operation
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Fig. 19. Creep Strain during 3 flights at the LAY3/EBC interface.

(manufacturing) have not been considered in this qualitative simulation.
Creep strain is mainly caused by the primary creep during the first flight
cycle. Secondary creep slope is quite small as expected for the low level
of stress. Two points are however worth of a remark. The first one is that
multiple flight profiles (the entire flight duration) shall be modelled
when trying to predict creep behavior of coatings. This, although
computationally expensive, is facilitated by the diffusion of HPC (High
Performance Computing). The second point is that the creep inelastic
strain results are strongly dependent on the stress assumption (linear in
the formulation adopted in this work). This hypothesis shall be inves-
tigated as a part of future work.

5. Conclusions

Ceramic matrix composite (CMC) components could be truly a game
changer in the power generation industry, Aerospace and Defence.
Coating technology is fundamental in protecting the components from
environment and from thermal shocks.

Creep simulations are extremely important in the design phase to
understand non-linear deformation and stress relaxation of coatings.
This also implies a better understanding of the residual stress field
induced by the manufacturing process. Open literature creep data of
CMC coating layers, Environment Barrier Coating (EBC) and silicon
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bond (BND), have been implemented into an Abaqus card and here re-
ported. A modified power law for primary and secondary creep has been
used. A rigorous optimization procedure has been used to interpolate the
mathematical fitting and calculate the coefficients of the creep law, and
material card data made available. It must be highlighted that the silicon
bond creep strain is lower that the EBC one. The anomaly, however, can
be ascribed to the original experimental data rather than to the creep
law optimization developed in the present work.

The high thermal gradients during the heating up and cooling down
phases may induce cracks at the coating interfaces or between CMC and
coating layers. For this reason, it is important to design the thickness of
each layer constituent in such a way to minimize the interface stresses. A
design of experiment procedure was adopted to analyse the temperature
heating up transitory. The design space of different values of thickness
layers of the softer layer 3 (LAY3), the EBC and BND has been explored
to find the best coating design solution, the one minimising the interface
stress during extreme aero-engine high pressure turbine thermal tran-
sient conditions. It has been found that reducing the thickness of the
LAY3 layer and increasing the thickness of the EBC is beneficial to
reduce the in-plane interface stresses. However, the results found are
only true for the set of material properties used and the results (and
therefore the design solution) is strongly influenced by the material data
available. Furthermore, the cooling down process will be considered for
future works. It is also important to remark that together with the
thickness, manufacturing constraint on the thickness of each layer
should be considered in the case of complex geometries. Lastly, the edge
effect that could arise in a real component shall be investigated ana-
lysing the thermal transient (heating up and cooling down) or a real
component (a High-Pressure Turbine Seal Segment for example).
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