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Abstract: Turbine entry temperature of turbo-engines has been increased to improve proficiency.
Consequently, protecting the hot section elements experiencing aggressive service conditions
necessitates the applying of thermal barrier coatings (TBC). Developing TBC systems and improving
performance is an ongoing endeavour to prolong the lifetime. Thus, various studies have been conducted
to find the optimum properties and dimensions. In this paper, the optimum thickness of intermediate bond
coat (BC) and top coat (TC) have been determined via a novel hybrid particle swarm and simulated
annealing stochastic optimization method. The optimum thicknesses have been achieved under the
constraint of thermal stress induced by thermal fatigue, creep, and oxidation in the TC while minimizing the
weight during twenty cycles. The solutions for BC and TC thicknesses are respectively 50 ym and 450 uym.
Plane stress condition has been adopted for theoretical and finite element stress analysis, and the results
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are successfully compared.

1. INTRODUCTION

Increasing firing temperature of gas turbines for satisfying
demands in energy supply and transportation systems
menace hot section components of the engines like blades
[1]. But applying thermal barrier coatings (TBC) has
eliminated the problem by allowing the blade to operate at
temperatures 100-300 °C lower than blade surface
magnitude and maintaining the creep strength, as well as
providing oxidation protection [2, 3]. A TBC system comprises
a ceramic top coat (TC) as the insulator, a thermally grown
oxide layer called TGO, and an intermediate metallic bond
coat (BC). The TBC layers suffer different internal (e.g. creep,
cracking, sintering, precipitation growth, etc.) and external
(e.g. erosion, corrosion) deteriorating processes [4-9]. The
unpredictability of the failure mechanisms and incomplete
comprehension of the various phenomenon are unsafe
obstacles to attain optimum performance of the TBC during
service time. The optimal thickness of the TC and BC layers
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of the system is one of the ways to enhance the operation of
the TBC by reducing the thermal stress while minimizing the
overall weight.

Different studies have been conducted to design the most
favourable TBC layers thickness. Li et al. [10] obtained a
proper TBC thickness distribution by 3D finite element (FE)
analysis and a subsequent weighted-sum approach to solve
the optimization problem. They announced that insulation
capability and thermal stress level are modified with TC
thickness increase. Lim et al. [3] developed an FE model to
calculate the TBC thermal stress considering the interaction
of factors like oxidation and creep. A subsequent parametric
study revealed that thermal stress is sensitive to material
properties more than geometric parameters. Abedi et al. [11]
examined the effect of different TC and BC thicknesses on
microstructural, mechanical, and thermal shock
characteristics of a triple layer TBC deposited on a carbon-
fibre reinforced polyimide matrix composite. The authors
reported that a TBC system with a 300 ym thick TC have
clean and adhesive BC/substrate interface while cracks exist
in the aforementioned zone of the TBC with a 400 ym TC
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thickness. The existence of cracks will reduce the level of
residual surface stress, too.

In contrast, an increase in TC thickness will boost thermal
shock resistance. Moreover, among coated samples with 50,
100, and 150 pum thick BC layer, TBC system with 100 ym
thick BC layer exhibited more significant qualities of adhesion
strength and thermal shock resistance. Fang et al. [12]
investigated the bonding strength of the BC/substrate
interface and the oxidation rate of the TGO layer. Their
observations revealed that the porosity level of the thin
coating was smaller than that of the thick one and the pores
are larger in the vicinity of the surface. Also, oxygen diffusion
is influenced by thickening of the TC, which will further affect
the oxidation rate.

In this paper, a Particle Swarm Optimization (PSO) -
Simulated Annealing (SA) optimization method proposed by
Javidrad and Nazari [13] is applied to find the optimum
thickness of TC (trc) and BC (tgc) layers of a TBC system to
achieve the most desirable thermal stress. A planar stress
formulation is implemented in the stress calculations [5]. The
loading applied to the model includes thermal fatigue, creep,
and oxidation. The optimization procedure conducted is a
sample and is proposed as an applicable example that
proves the applicability of PSO-SA optimization technique in
multi-layer and multi-objective problems (not just theoretical
disciplines). Besides, the paper means to find the optimal
thicknesses of the TBC layers to reduce the thermal tensile
stress provoked by temperature variation (thermal fatigue).
The results were examined in comparison with the other
similar paper [5] considering plasticity and temperature loss.

2. CALCULATION PROCEDURE
2.1. Analytical Stress Analysis
Plane-stress formulation is adopted in a fourlayered

axisymmetric solid disk since TBC system and substrate
layer are thin in thickness (Figure 1).
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Figure 1: The four-layered disk as the axisymmetric model of the
study.

By use of polar coordinate, the radial strain can be expressed
by Hook's law as:

2

€, = %(G, -vo,)+oAT (t,th) (1)
where ¢, E, o, v, 0s, a, and AT are respectively the radial
strain, module of elasticity, radial stress, Poisson's ratio, hoop
stress, coefficient of thermal expansion and temperature
change as a function of time (f) and thickness (th) (see
section 2.2). Axisymmetry of the disk leads to equal radial
and hoop components of stress and strain [4, 5, 14, 15]. So
by considering thermal load and creep plasticity
simultaneously, the radial stress of each layer can be
rewritten as (subscripts dropped) [14]:

0=L[£—aAT+£”] (2)
1-v

Where & is creep strain and is stated by Norton power law
as:

e, =Ao"t @)

Where A and m are constants reliant on material and t
represents time (s). Norton law is applied in analytical
modelling and FEM simulation together. Solving the radial
force equilibrium equation of layers provides the € parameter,
as [14]:

Dy, 05,20 )

where S stands for the lateral area (disk base perimeter x
disk height) and the subscripts ¢, o, b, and s symbolize the
ceramic TC, TGO, BC, and substrate layers, respectively.

The TGO thickness growth is formulated by an exponential
equation as [16]:

‘, =(A"e— E, h) (5)
RT

Where {, and h are respectively TGO thickness and hours of
high-temperature exposure. Oxidation of the BC will thicken
the TGO layer. l.e. it will increase the TGO height and hence
is considered in S° parameter in eq.4. The initial thickness of
TGO is 1 ym [17].

Strain can be defined by deriving following equation through
substitution of Eq. 2 into Eq. 4 and solving for &:

E' o
"

e=¢'= . (6)

E'
Ei=c,0,’7»‘(] 4 > )

As creep strain depends on stress, the strain must be
determined before stress calculation. Owing to short time
increment during the calculation, in the first step, ¢ is obtained
by excluding creep effect assuming quasi-static condition.
Based on the calculated stress, creep strain can be
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calculated, and the stress under thermal load and creep
interaction (0') is stated as [5]:

! E !

o l—U[E aAT | @)
It must be stated that interfacial roughness and associated
out-of-plane stress of the TGO/TC interface has been
neglected in the plane stress condition adopted in the paper.
The roughness matters described above in analyzing the
interfacial cracks, which is out of the scope of the paper.
Besides, stress calculation is performed under the
assumption of a stress-free state at room temperature.

2.2. Heat Transfer Analysis

On account of the temperature gradient across TBC layers,

temperature non-uniformity is deliberated. Subsequently, the

temperature distribution across the TBC system s

determined by one-dimensional conduction Fourier's law as:
T, @th-T,,(~,th)

= _sur S 8
q R (8)

where q, Tsu, and Tsyp are respectively, heat flux [W/mz],
temperature on the surface of the coating, and temperature
on the surface of the substrate both of which are functions of
time (f) and thickness (L).

R =L/K stands for thermal resistance while K represents the
thermal conductivity of each layer. Calculating total thermal
resistance (Riwt) in €q.8 is needed for all three layers of the
TBC in series sequence to find the Tsup.

Rtot = Rc + Ra + Rb (9)

Where R;, Ro, and R, are respectively thermal resistance of
ceramic TC, TGO, and BC (subscripts are the same as Eq. 4)
(Figure 2).
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Figure 2: Schematic illustration of the heat transfer analysis of the
one-dimensional conduction in TBC layers.

Temperature distribution in the TC (T¢), BC (Tp), and Tgup will
be similarly calculated as (temperature of TC and TGO are
assumed equal due to the small thickness of TGO):
Tc =T, - ch

sur

(10-a)
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T,=T,, -q(R.+R,) (10-b)
’Tsub = ’Tsur - q(Rc + Ro + Rb) (10-0)

In the first step, eq. 8 is solved for the unoptimized TBC
layers on the basis of the temperature values stated in the
Koushali et al. [5] paper to find heat flux (q). Thereafter, eq.8
is reused to find the temperature distribution across the TBC
layers for the same T, The thermal cycle includes a 5-min
heating, 45 min exposure at the peak temperature
(Tsw=1200°C), and a cooling phase that lasts 5-min (Figure
3).
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Figure 3: Temperature cycle imposed on the surface of the coating.

Heat transfer analysis is performed based on two
conservative assumptions, both of which will result in the
higher temperature of the substrate. Firstly, contact thermal
resistance between layers is considered negligible [18].
Secondly, the substrate temperature right beneath the
coating is assumed as the total temperature of the layer.

23. The Hybrid
Methodology

PSO-SA Algorithm/Programming

Before introducing the hybrid PSO-SA algorithm, it is
worthwhile to explain each alone in advance. Particle swarm
optimization is a population-based arbitrary search technique
that is inspired by the social behaviour of birds and fishes.
Consider a search space S € R" of n dimensions and vector
of design variables D = {Dy, Ds,..., Do}".

Consider Dk’ = {D/, Dzi, D,,’}T as the position of particle k
in iteration i, Pkb = {P1b, sz, P,,b}T as its best position in
the search domain and P'={P/, P, ..., P,%" as the global
best position visited by all particles, so far. At each iteration
step i/, the position and the velocity (movement vector) of the
randomly distributed particles are updated successively
according to the following equations [13, 19]:

vi' =wv, +¢,R (P! - D))+ c,R,(P* - D}) (11)
D]z:] - D]z:] + v;’:l (12)

where v denotes the velocity of the kth particle, and Rs and
R are random numbers between 0 and 1. ¢ and ¢, are two

3
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controling  parameters called respectively cognitive
parameter and social parameter. The calculated velocities of
the particles are limited so as not to move beyond the interval
[V max, V max] Where v max is the maximum allowable velocity.
The greater and smaller values of velocity are equal t0 v max
and -v max, respectively. The function w as a weighting factor
is offered to achieve better control on the search scope. In
other words, w controls the exploration as a satisfactory
movement of the particles crosswise the search space and
also for exploitation prevention (localized search). One of the
suggestions for w is indicated as:

W=, - (—wma{ — P ) xi (13)
l

max
Where imax is the number of prescribed maximum iteration,
and wmax and wmin are upper and lower limits of the weighting
factor, respectively. Although PSO is known for its fast
convergence, it may get stuck in local optima in multi-
dimension problems following a fast convergence as an
unreliable solution. Thus, in PSO, it is essential to balance
between exploration and exploitation during the searching
process for global convergence assurance.

A distinguishing characteristic of the SA algorithm is its
integration with the Metropolis Monte Carlo procedure. In SA,
the Metropolis procedure makes it possible that a state with a
higher value be accepted with a probability, which is definitely
the most important feature of the SA method [19].

The acceptance probability (P) of a candidate solution Xjs
from the current solution X; is expressed as:

P={ Lif f(D,) = f(D,)

e M , (14)

otherwise

Where fis the objective function, Af = f(Di+1)- f(D;), and T is a
controlling parameter which is called temperature (by
analogy). Successive temperature loss during the calculation
results in acceptance probability reduction. Adequately high
initial temperature together with a slow cooling rate,
guarantee global optimum answer of SA. The most common
temperature decrement rule follows as [19]:

Ti+1 = RTTi (15)

Where Ty is the initial temperature, and Rt (cooling rate) is a
positive constant usually taken in the range of 0.8—0.999.

The cost function of the study is the weight of the layers that
is calculated by:

= o) (16)

Where p and V respectively represent the density and
volume of each layer (disk base area x disk height) and the
subscripts ¢, o, b, and s are the same as Eq.4.

4

The hybrid PSO-SA algorithm benefits the individual positive
features of each method by sequential application of both to
not only assure convergence but also prevents the procedure
from getting trapped into local solution. In other words, when
PSO stopped, SA starts and replaces the global best result of
PSO at that iteration (see Appendix) [13, 19].

The design variable of this study is thermal stress at the
beginning of each thermal cycle. The optimization searches
to find the optimal thermal stress less than the value resulted
in the previous study of Koushali et al. [5]. This approach is
performed by finding the optimal thickness of the TC and BC
layer, in addition to minimizing the weight. After that, the
resultant stress is verified by FE calculation and then
optimized, and unoptimized stress values are compared.

2.4. Material Data

Excluding creep parameters, Poisson's ratio, and density,
other material properties implemented in the modelling and
simulation depend on the temperature within the range of 25-
1200 °C and the selected values of them at 600 °C are
presented in Table 1. Poisson's ratio for the TC, TGO, BC,
and the substrate is assumed 0.11, 0.24, 0.31, and 0.33 and
their densities are 5650, 3978, 8100, and 8150 kg/ms,
respectively [20, 21].

Creep Norton law and TGO growth law constants are listed in
Tables 2 and 3, respectively. As the creep and oxidation
processes are stimulated in the steady- temperature phase of
thermal load, the parameters are temperature independent.

Table 1:  Properties of the TBC and the Substrate at 600 °C
[21, 22]
Property TC TGO BC Inconel 738
o (°x10'6/°C) 10.1 8.7 15.2 16.2
E (GPa) 59 370 160 170
K (W/mK) 1.17 5.8 12 23.6
C (J/Kg°C) 450 980 620 690
Table 2:  Norton Creep Parameters [20, 23, 24]
TC TGO BC Substrate
Creep pre factor, | 5 75e 12 22e12 | 7369 | 188
Creep exponent, 1 1 245 3
m .
Table 3: TGO Growth Law Parameters [16]
A° E. R n
1.1338e-2 180,000 8.314 0.3225
2.5. FEM Model

A half TBC geometry is simulated owing to the axisymmetry
of the disk which comprises four layers; the Nickel-based

Koushali et al.
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Inconel 738 substrate, the BC layer (MCrAlY), the TGO layer,
and the 8 wt% YSZ TC. The substrate and TGO initial
thicknesses are 3200 ym and 0.5 pym, respectively. The disk
radius (width of the model) is 1000 pm. A 2D mesh is
produced with 1500 standard linear quadrilateral elements of
the type coupled temp-displacement (CAX4T) provided by
the FE tool ABAQUS (Figure 4). Boundary conditions applied
on the left, and the right sides are symmetry and periodicity,
respectively. A multipoint constraint (MPC) of the type TIE
allows the affected nodes of the right side to move
simultaneously. Bottom edge nodes are horizontally
permitted to displace through applying a vertical constraint
while the top edge is free.

Isotropy and elastoplastic behaviour in addition to high-
temperature creep, is supposed in all four layers. The
swelling option is used in ABAQUS to model TGO growth
behavior. Strain rate is equal to 7.5% 10™"® and kept constant
during the calculation. Additional details can be found in [25].

+— Top Comt +TGO

+— Bond Coat

s Suburate (Inconel 738)

Figure 4: The meshing of the FE model composed of TBC and
substrate layers.

3. RESULTS AND DISCUSSION

In the first step of the optimization procedure, the thickness
range of two layers under consideration should be defined.
Based on the works of literature, thickness range of BC and
TC layers are 50-125 ym and 125-500 ym, respectively [17,
26]. PSO is the first method during the optimization
procedure that starts with the creation of a population and
introducing an initial temperature parameter. The temperature
drops continuously after each cycle in PSO and each
temperature equilibrium cycle (Markov chain loop) in SA
according to a given cooling schedule. If the solution does not
vary, it will be introduced to SA to search for a better position.
The process mentioned above will endure until a valid result
is achieved. The PSO population size, the initial temperature,
the Markov chain length, Rt, c1, and c; were set to 50, 1 and
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100, 0.95, 2, and 2.2, respectively. The values mentioned
above have been evaluated and successfully implemented in
the optimization procedures for thirty benchmark functions
[13, 19, 27].

Before starting the optimization procedure, the applied heat
flux (q) on the surface of the coating must be determined.
Heat flux is calculated by Eq. 8 for Ts,=1200°C, Tsu» =960°C,
TC's thickness of 150 um and BC's thickness of 75 ym. As a
result, the heat flux is 1.695 MW/m? that lies within the range
assumed by Xue et al. [28]. Consequently, all the requisite
parameters are known.

Based on the PSO-SA calculations, the optimal thicknesses
found are respectively 50 ym and 450.5 ym for BC and TC
layers. The calculated dimensions result in an overall weight
of 0.0092mg and max stress of 23.5 MPa (Figures 5 and 6). It
can be seen that the results have converged in iteration 203
and kept constant after 1670 iterations.
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Figure 5: Convergence behaviour of the weight value of the total
layers.
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Figure 6: Convergence behaviour of the stress value of the TC.

Due to the metallic material of the BC layer; therefore, the
highest density among three other layers of the TBC system,
BC's thickness demonstrates no variation in the proposed
range. Besides, the role of BC is to protect the substrate from
oxidation, and it has no noteworthy impact in reducing
temperature [26]. Thus, greater values for BC thickness won'’t
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make sense. TC thickness can be varied as a result of
several necessities. Thermal insulation role is mainly up to
the top ceramic layer, thereby increasing the thickness will
enhance this effect [29, 30]. Albeit this fact, the surplus
thickness of the TC is not favourable because of chemical
failure factors like sintering associated with high temperature.
Besides, thickening TC will augment residual stress and
strain, which is unsafe to TBC endurance by promoting
interfacial delamination [31, 32]. The sensitivity of the top
layer thickness to thermal stress is more pronounced rather
than BC thickness [3]. Moreover, excessive weight is
disadvantageous to the blade as a rotating component by
intensifying the centrifugal force imposed [26].

Tsub for the optimized geometry with new layers' thicknesses
equals to 500 °C and is 460 °C lower than the value
assumed by Koushali et al. [5] attesting the insulative
importance of the ceramic coating. Temperature profile
across TC has been illustrated in Figure 7 in addition to the
FE contour.

By definition of TBC layers dimensions and temperature
distributions, details of analytical and FE calculations of
stress variation of the TC layer during thermal load can be
presented. In the first place, total strain variation (£-aAT) in
eq.6 was calculated for the period of twenty cycles and is
shown in Figure 8.

The parameter ¢'is constant through the TBC system and the
layer underneath to satisfy the appropriate cohesion of
layers. Solidity provision is the important reason of stress
evolution in TC as a consequence of the difference in
physical properties of layers (Table 1). The descending
attitude of strain during the dwell time of each cycle is
attributed to the creep plastic deformation and subsequent
stain energy release that puts the system in a lower energy
level. The maximum magnitude of the total strain is 0.008 and
decreases to - 0.051 by the end of the twentieth cycle.
Accordingly, thermal stress can be calculated on the basis of

6
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Figure 7: Analytical (a) and FE (b) solution of Temperature profile across TC during one cycle.

strain value obtained, which exhibits the same trend as the
strain behaviour (Figure 9).
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Figure 9: Stress Variation of TC layer.

If creep contribution neglected (dashed line in Figure 9),
compressive stress value of the TC during heating time is
about 225 MPa. Conversely, the aforementioned value of the
unoptimized system is +300 MPa [5]. The tensile stress has
been altered to an expected compressive one due to the

Koushali et al.



Journal of Coating Science and Technology, 2019, Volume 6, No. 1

temperature drop in the layers beneath TC that leads them to
less expansion that will impose a tensile force on the hot TC.
Moreover, a lower temperature will result in a lower
coefficient of thermal expansion (a) as a temperature
dependent property, hence lower oAT (eq. 6).

Maximum tensile stress value occurs at the beginning of the
heating phase at the last thermal cycle (23.5 MPa) and will be
augmented due to the oxidation process and the thickening of
the TGO layer.

Stress behaviour during the heating phase will continuously
alleviate during the succeeding cycles, which is attributed to
the energy release resulted by creep effect. Considering
creep and thermal fatigue interaction, creep plasticity is the
motive of stress relief, as stated in other studies [5, 20, 31].

As creep phenomena is dependent on stress, time, and
temperature and will be activated when the temperature is
high enough, stress demonstrates an ascending approach
during variant temperature periods of heating and cooling.
The cooling phase will hinder the creep process and leads to
stress jump by the end of each cycle (thermal fatigue). At the
end of the steady temperature phase of the last thermal
cycle, stress magnitude is -455 MPa that agrees Zhao et al.
[33] results.

Based on the optimization results that determine the optimal
thickness of the TC and BC layers, FE geometry has been
defined. Numerical FE simulation has been carried out to
verify the analytical stress calculation of the optimized
system. FE analytical solutions are depicted in Figure 10 that
are in agreement. The plotted stress graph is of the elements
near the surface, which experience higher temperature than
the elements underneath.

=40

Thermal Stress [MPa|

R0

=100

3 10 15 20 15 30 L% 40 45 50 535
Time [min|

Figure 10: Analytical and FE solution of thermal stress in the first
cycle.

Tighter boundary conditions are assigned to the left side of
the model (symmetry constraint). l.e. rotational motion
tangent to the symmetry plane must be equal to zero.
Besides, no displacement happens in the normal direction.
Hence, all nodal points along the line of symmetry are
restrained against horizontal displacement. Consequently, left
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columns of the elements undergo more intense tension in
comparison to the right and middle columns. Therefore, the
diagram of Figure 10 is extracted from left side elements of
the meshed geometry.

Creep analysis is performed through Visco step in ABAQUS.
As ABAQUS cannot perform two steps at a time, a Coupled
temp-displacement step was run for the heating phase of
thermal loading, and Visco step was then activated.

The results of the optimized TBC system are compared to the
previous work done by Koushali et al. [5]. The maximum
positive stress values at the beginning of the heating steps of
cycles (at the onset of creep activation) are of importance as
they are destructive and will promote crack propagation.
Reducing the value of this tensile stress is a significant
accomplishment to enhance TBC life.

It is worth saying that excluding temperature drop influence
and just taking into account the plasticity effect will also lead
to a lower level of stress. l.e. the effect of thicker TC and
thinner BC on strain variation (eq. 6) in comparison with
unoptimized geometry. On the other hand, considering
temperature drop instigated by thickening of TC will result in
more stress alleviation. Hence, maximum stress magnitude
during 20 cycles when temperature decline overlooked is 102
MPa. These tensile stresses calculated by current (with and
without temperature effect) besides recent work [5] are
demonstrated in the bar chart of Figure 11.

120

[ I Unoptimized model (Koushak et. al)
| Optimized model (ust plasticity cffect)
| I Optimized model (plasticity and tempersture drop effect)

o 8 10 12
Number of Cycles

g

=
-]

Maximum Thermal Stress [VFa)
8 2

Figure 11: Comparison of maximum stress of twenty cycles
calculated by two models.

When temperature decrease overlooked and just the
plasticity effect considered (yellow bars of Figure 11), the
descending trend of stress that is attributed to creep plasticity
is more intense in initial cycles. Meanwhile, as time passes,
oxidation and subsequent thickening of the TGO layer adds
extra load to the system and stress alleviation is not as
remarkable as three initial cycles. The TGO growth rate is not
constant at the primary fraction of the TBC service time and
decreases until a steady state is reached [25]. However,
creep plasticity is still dominant. The TGO layer final
thickness is 2.2 pm. Contrarily, in case of considering
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temperature drop as the consequence of thicker TC (orange
bars of Figure 11), more stress reduction is observed.

Moreover, unlike the case of considering plasticity
individually, the max thermal stress demonstrates an
ascending order, which is the result of substrate lower
temperature. Therefore, cooler substrate resists against the
expansion of the layers above. Since there is a thick
substrate in the model in comparison to the TBC layers'
thicknesses, the stiffness of the substrate surpasses the TBC
layers and drives the deformation of the whole assembly.
Furthermore, the lower temperature of the substrate reduces
creep effect and makes the oxidation the dominant influential
factor.

4. FINAL REMARKS

Thermal barrier coating (TBC) is being widely used to protect
hot gas path components against different degrading factors
during service life. Achieving the best performance of TBCs is
of the high requirement by finding optimum dimensions in
addition to optimal physical and mechanical properties. In this
research, a hybrid coupled particle swarm and simulated

APPENDIX

annealing stochastic optimization (PSO-SA) method are
introduced for finding the most favourable thickness of top
and bond coat in the TBC system. The following conclusions
are made:

1. The PSO-SA optimization technique practised in the
calculations takes advantage of fast and secure
convergence as the converged results were achieved
within one second.

2. The solution reveals that a respectively 50 ym and
450 pm thick bond coat and top coat will result in
optimal thermal stress while minimizing the weight.

3. A finite element stress analysis is performed to verify
analytical stress calculation in the optimized TBC
system, and two solutions are in agreement.

4. The loading consists of twenty thermal cycles, and the
maximum stress of each cycle is compared to the
unoptimized system. The solution validates the stress
reduction achieved by layers thickness optimization.
Considering temperature decline resulted by thicker
ceramic TC will lead to further stress decrease.

Appointing initial value for each particle, n particles.
start temperature T, . and cooling rate B

.

— | Update new position and velocity for each particle | —

[Examining and defining the best position of each
particle (P, *), and global best of the swarm (P%)

|

Evaluating swarm particles [

improve P®by SA

Figure A1: The procedure of the PSO-SA hybrid optimization method [19].
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