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Abstract - Since the lifetime of hot-section components directly affects the main characteristics of the Gas Turbine Engine (GTE),

their thermal protection is carried out by Thermal Barrier Coatings (TBC). Although this coating system consists of several
layers, the main layer that provides thermal insulation is the top layer. One of the main reasons for the long-term operation of
this type of coating in aggressive environments is the presence of oxide material in its composition. To meet the requirements of
this environment, oxides are the focus of the search for new and alternative TBC materials. These materials are currently in an
active development phase. Their thermo-mechanical properties usually determine the effectiveness of oxide materials. Therefore,
much attention is paid to their properties when selecting oxide materials for the top layer. In this paper, the optimal TBC material
was selected by taking into account the properties of a large number of oxide materials. The study was conducted using the
Analytical Network Process (ANP) methodology. Ultimately, these results demonstrate that Gd»Zr;O7 has the highest rank among

all the studied materials and is the most promising candidate for the top layer.

Keywords - Gas turbine engines, Thermal barrier coating materials, Thermal and mechanical properties, Analytic network

process.

1. Introduction

The operational reliability of the engines is determined by
the observance and implementation of the established
operating modes, as well as by maintaining the stability of the
structure and properties of materials during the entire lifetime.
The ever-increasing operating temperature and acting stresses
require an increase in materials' physical, mechanical and
operational properties and their preservation throughout the
lifetime. These properties are largely determined by thermal
structural stability, heat, and corrosion resistance [1, 2].
Therefore, studying the relationship between the chemical
composition and the specified properties is an objective and
especially important for newly developed alloys, considering
the specifics of their application. The only way that the
turbines can survive in such an extremely harsh environment
is by effective cooling systems, which, nevertheless,
negatively affect the overall efficiency of the gas turbine
engines (GTEs). To address these problems, an alternative
concept has been introduced and developed over the past
decades, using advanced thermal barrier coatings (TBCs) on
superalloys [3-13].

The performance characteristics of hot section
components, which are one of the main sections of the GTEs,
largely depend on the correct choice of TBCs. The coatings
protect engine hot section components by acting as a thermal

insulator layer between the base metal (with cooling system)
and the hot gases to which they are exposed. Also, the correct
choice of TBCs, applied to the components in a GTE, provided
component temperature reductions of up to 300°C, depending
on the thickness [12-17].

The achievement of the required level of performance of
the GTE’s hot section components is associated with creating
an efficient system, “superalloy-TBC”. Modern high-
temperature Ni-based superalloys used in GTE blades possess
the required level of long-term strength due to their low
corrosion resistance to combustion products, but they do not
meet the requirements for blade lifetime. To ensure the
required durability of the TBCs, along with the correct choice
of the chemical composition, the processes occurring at the
boundary of the substrate and the coating should be taken into
account, which directly affect their operational reliability.

The fact is that this coating differs from the others in that
it consists of multilayers, and each one has its specific function
and properties. This type of coating is the most complex
among all coatings and is made of different materials. The
complexity is that these types of coatings are heterogeneities
in properties (physical, thermal, chemical and mechanical) of
each layer [13].
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This paper will not discuss any other layer materials of
the TBC system except the top layer. Various oxide materials
are considered suitable for use as a top coat layer. However,
given the many requirements that TBC must meet, choosing
the best material is never easy. The materials intended for the
top layer in the TBC coating should possess a range of
properties and requirements to withstand high thermal and
mechanical loads, which include high temperature resistance,
low thermal conductivity, high fracture toughness, and an
appropriate thermal expansion coefficient high melting point,
good adhesion to the metal substrate, high thermal stability,
strain tolerance, high chemical stability, low sintering rate,
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high corrosion resistance and low density [3, 18, 19].
Satisfying several requirements simultaneously complicates
selecting the best candidate among the possible materials and
makes it a multi-criteria task. Moreover, the large number of
candidates, in turn, makes this task even more difficult.
Therefore, various approaches have been proposed to solve
this problem, making it easier and less tedious. This paper
examines the possibility of selecting the best candidate
material using one of the approaches proposed by Ashby [20],
based on the principle of the Analytical Network Process
(ANP) [21]. This study will be carried out in the following
main stages (see Fig. 1).

Result analysis &
Selecting the best
material

Fig. 1 Workflow chart

2. Materials and Methods
2.1. Materials

In this study, a database of materials collected from
various references were created, which includes the following
materials: SrZrOs [22, 23], YbsNbO; [24], YbsTaO; [24],
LaTizAlgolg [25], LaZZrZO7 [26-28], MngiO4 [29], Lasz207
[30], LaxCe,O7 [31, 32] and Gd»Zr,O; [33]. Important
properties were selected for these materials, including specific
heat capacity, thermal diffusivity, thermal conductivity,
thermal expansion coefficient, Young’s modulus, hardness,
and fracture toughness. Each property has a different impact
on the performance of the entire coating, and these impacts are
designated as positive and negative. This is done because this
method considers the highest value to be the best, and by
marking certain properties as negative, the line of reasoning is
reversed, and the lowest value is considered the best. Let us
consider this using the example of thermal conductivity. Low
thermal conductivity materials absorb heat from the
environment slowly and transport heat poorly, while high
thermal conductivity materials may transfer heat efficiently. If
a thermal barrier is required on the surface of the substrate and
the temperature is reduced, materials with low thermal
conductivity are needed to solve this problem, and this
property is noted as negative. Conversely, if the task were to
ensure good heat transfer to the air (heating and cooling),
materials with high thermal conductivity would be chosen,
and this property would be noted as positive. The remaining
properties are specified similarly. Table 1 shows the values
and effects of selected properties.

2.2. Methodology

The materials in the current study are ranked according to
various parameters regarding their suitability as TBCs using
an ANP. ANP proposed by Saaty can be considered a
powerful tool for solving multi-attribute decision-making
problems [21]. ANP can be considered an extension of the
Analytic Hierarchy Process, offering feedback and interaction

inside and across sets of alternatives and criteria. This implies
that elements within a cluster might impact one another (i.e.,
inner dependence) and that alternatives within a cluster may
depend on certain criteria situated in another cluster (i.e., outer
dependence). Moreover, these inner and outer dependencies
make it possible to consider all possible influences between
clusters and select the best candidate material.

This method consists of several main steps. These steps
are shown in Figure 2 and discussed in detail in this section.

The model must be built in the first step, and the problem
must be structured. The problem must be clearly stated and
divided into a rational system, such as a network. A schematic
representation of the feedback between alternatives and
criteria to be used in this work will be presented in Figure 3.

The ANP solution procedure is based on pairwise
comparisons of elements of a given solution space, based on
which it is possible to compare values in clusters and
understand how much one value is greater than another, (for
example, f; in relation to f5 in cluster A7 is better or worse by
f3/fs times). This method allows for comparing any quantities,
regardless of whether they are in the same or different units of
measurement, which makes it universal in this regard.
However, before answering these questions, you need to
obtain a pairwise comparison matrix as shown in the
sequential order below. Each material is unique because it has
characteristics that set it apart from other materials. These
properties can have a direct and indirect impact on the
performance characteristics of the material itself. Depending
on the level of impact of a property, the decision maker can
designate primary and secondary properties in the ANP
method. The properties are divided into clusters, and weights
are assigned to them, indicating their degree of influence or
importance. In this case, as shown in Figure 4, the properties
are divided into thermal and mechanical clusters.
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Creating a database

Determining the influence of parameters

Clustering of properties

Setting the weight for clusters

Data normalization (reduction to dimensionless quantity)

Formation of the supernatural
"Obtaining an unweighted super matrix"

Formation of the supermatrix
"Obtaining a weighted super matrix"

Limit matrix calculating

Sensitivity analysis

Analyze the results & Selecting the best material(s)

Fig. 2 The main steps of the Selection process
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Table 1. Material parameters

sl el¢|2|e|s|s|s|ze
i~ S
N Z & < ﬁ; ﬁ = (2 ’N: Effect on
& = = = = s k] k] 3  |performance
|
Properties Unit  |Index| A A2 As Ay As As A7 As Ay
Specific heat JkgK | fi ]0.560]0.395(0.354|0.958 | 0.480 | 0.160 | 0.287 | 0.429 | 0.440 | Negative
capacity (Cp)
Thermal m?s! .
diffusivity (Du) (x109) f> 10.824|0.316| 0.350 | 0.385] 0.675 | 0.915 | 0.858 | 0.344 | 0.299 | Negative
Thermal el .
.. Wm-K'| f3 |2.423]|1.100 | 1.244 | 1.215 | 1.694 | 2.405 | 2.204 | 0.895 | 0.919 | Negative
conductivity (1)
Thermal K
expansion (x10°) fa 19.923]9.698 | 9.214 | 9.733 | 8.602 | 9.977 | 8.759 |11.709{10.300| Positive
coefficient (a)
Young’s GPa | f5 [170.0|208.9|191.9|240.0|175.0|185.0|216.4| 91.0 | 249.6 | Negative
modulus (E) 5 . . . . . . . . . g
Hardness (Hv) GPa fs 9.20 | 8.00 | 9.80 | 7.10 | 9.90 | 10.00 | 9.81 | 6.10 | 16.60 | Positive
Fracture n ...
toughness (Kic) MPa-m f1 1.50 | 1.50 | 1.70 | 1.30 | 1.10 | 2.80 | 2.27 | 1.10 | 1.50 Positive
Note: specific heat capacity, thermal diffusivity, thermal conductivity, and coefficient of thermal expansion values shown are average values over the
temperature range tested.
Specific h Thermal mhetmal. || e || voung Fracture
pecthic. il d'ff‘erma derm_a_ expansion ozn%s Hardness Toughness
capacity ittusivity conductivity coethiciant modulus

LaTi ALOI,

Fig. 3 ANP structure in an example of choosing the best TBC candidate material

Cluster 1
Thermal properties

Cluster 2
Mechanical properties

Young’s modulus
Hardness
Fracture toughness

Specific heat capacity
Thermal diffusivity
Thermal conductivity

Thermal expansion coefficient
Fig. 4 Cluster of properties

In order to compare materials and their properties, it is
necessary to bring them into a single form, i.e. normalize.
Normalization is converting values with various measuring
units to a single dimensionless form. To normalize an entry,
dividing it by the total of all the entries in a specific row is
necessary. For the case where attribute values have a negative

effect, you must first invert the values and then normalize the
resulting inverted values. As a result, the normalized matrix
presented in Table 2 is obtained.

This normalized priority matrix will then be collected into
an unweighted super matrix for further calculations because
the unweighted super matrix is formed from the normalized
matrix. Based on the normalized matrix, each criterion in the
clusters (thermal and mechanical) is assigned a preference
number, i.e. its obtained values are ranked from best to worst
(for example, for 41, fi has the second rank, f> has the fourth
rank, f3 has the third rank, f3 has the first rank). An unweighted
super matrix is obtained by inverting the ranks and
normalizing the values (see Table 3). At the next stage,
weights are assigned for each cluster.
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Table 2. Normalized matrix

. SrZrOs; | Ybs:NbO7 | YbsTaO7 [LaTi:AlyO1s| La:Zr07 | Mg2SiO4 |La:Hf;07|La:Ce207| Gd2Zr207

Properties | Index
A1 A A3 Aq As As A7 As Ao
Cp fi 0.0726 0.1029 0.1148 0.0424 0.0847 0.2540 0.1416 0.0947 0.0924
D L 0.0612 0.1596 0.1441 0.1310 0.0747 0.0551 0.0588 0.1466 0.1687
Y] JE 0.0624 0.1374 0.1215 0.1244 0.0893 0.0629 0.0686 0.1689 0.1645
a f1 0.1129 0.1103 0.1048 0.1107 0.0978 0.1135 0.0996 0.1332 0.1172
E fs 0.1158 0.0943 0.1026 0.0820 0.1125 0.1064 0.0910 0.2164 0.0789
Hy fe 0.1063 0.0925 0.1133 0.0821 0.1144 0.1156 0.1134 0.0705 0.1919
Kic f 0.1016 0.1016 0.1151 0.0880 0.0745 0.1896 0.1537 0.0745 0.1016
Table 3. Unweighted super matrix

Properties fi f f fa fs fo fi Ax A2 | A3 A4 | As As | A7 As Ao
Gy fil O 0 0 0 0 0 0 10.240]0.120{0.160]0.120/0.160(0.480{0.480| 0.120 | 0.120
D 21 0 0 0 0 0 0 0 1]0.120]0.480{0.480]0.480/0.120(0.120{0.120] 0.240 | 0.480
Y] 1 0 0 0 0 0 0 0 1]0.160]0.240({0.240]0.240/0.240(0.160{0.160| 0.480 | 0.240
a fil O 0 0 0 0 0 0 1]0.480(0.160{0.120]0.160/0.480(0.240{0.240| 0.160 | 0.160
E fs1 O 0 0 0 0 0 0 1]0.545|0.273]0.182]0.182|0.273|0.182(0.182| 0.545 | 0.182
Hy fs| O 0 0 0 0 0 0 1]0.273]0.182(0.273]0.273]|0.545|0.273(0.273| 0.182 | 0.545
Kic il 0 0 0 0 0 0 0 1]0.182]0.545(0.545]0.545]|0.182|0.545(0.545| 0.273 | 0.273
SrZrQO; A1]0.073]10.061(0.062(0.113[0.116]0.106|0.102| 0 0 0 0 0 0 0 0 0
YbsNbO7 A210.10310.160(0.137(0.110{0.094]0.092|0.102| 0 0 0 0 0 0 0 0 0
Ybs;TaO~ A3]0.115/0.144|0.122(0.105{0.103]0.113|0.115] O 0 0 0 0 0 0 0 0
LaTi:AlsO19 |A44(0.042{0.131]0.124]0.111]0.082]0.082|0.088| 0 0 0 0 0 0 0 0 0
La:Zr207 A5]0.085|0.075/0.089(0.098(0.113]0.114|0.074| O 0 0 0 0 0 0 0 0
Mg2SiO4 A6|0.25410.055(0.063(0.113[0.106]0.116{0.190| 0 0 0 0 0 0 0 0 0
La:Hf>07 A7]0.14210.059(0.069(0.100{0.091]0.113]0.154| O 0 0 0 0 0 0 0 0
La;Ce207 As]0.09510.147(0.169(0.133(0.216]0.071{0.074| O 0 0 0 0 0 0 0 0
Gd2Zr207 A910.09210.169|0.165(0.117[0.079]0.192|0.102] 0 0 0 0 0 0 0 0 0

As mentioned earlier, the decision maker can set weights
for each cluster, and the following sets of weights were
selected in this study: (1) thermal cluster — 50%, mechanical
cluster — 50%; (2) thermal cluster — 60%, mechanical cluster
—40%; (3) thermal cluster — 70%, mechanical cluster — 30%;
and (4) thermal cluster — 80%, mechanical cluster — 20%.
After setting the weights, each property entry was multiplied
by the weight of the corresponding cluster (see Tables 4-7).
The limit matrix is a mathematical concept used to obtain the
(final) global weights of all solution elements in the solution
space. The limit matrix is obtained by multiplying the
weighted super matrix until all row values in the matrix are
the same. The material with the highest global score is
considered the best. The obtained limit matrices for different
sets of weights are shown in Tables 8-11.

3. Results and Discussion

ANP is a powerful tool for solving multi-attribute
decision-making problems, offering feedback and interaction
inside and across sets of alternatives and criteria. Due to these
dependencies, parameters can be easily compared, and the best
candidate can be selected. For example, how does La>Zr,0
differ from SrZrO; regarding its thermal expansion
coefficient? This can be done by referring to Table 2 and
comparing the corresponding values, i.e. 0.1305/0.1506 =

0.867. In the same way, the properties of a specific material
can be compared. For example, how important is the thermal
conductivity property of La,Ce>O; compared to its thermal
expansion coefficient? Thus, more information can be
obtained through feedback, which allows for a comprehensive
definition of the solution to the problem.

First, a normalized decision matrix was obtained based on
the data presented in Table 1 (Table 2). Then, two
classifications (clusters) of properties were used
thermal/mechanical and their weight ratios were adopted with
the following ratios: (1) 0.5/0.5, (2) 0.6/0.4, (3) 0.7/0.3 and (4)
0.8/0.2. Next, after denoting the weights, weighted super
matrices were obtained for the three sets by multiplying the
weights by the corresponding clusters, as shown in Tables 4-
7. The final step is to find the limit matrix, which was done by
multiplying the weighted super matrix until all row values are
the same, as presented in Tables 8-11. Finally, based on the
obtained global weight, the candidate materials are ranked and
the results are shown in Table 12. Thus, based on the results
obtained, the following conclusions can be drawn:

1) Gd2Zr,07 showed the best values among the others,
regardless of the set of cluster weights, and takes an honorable
first place. Therefore, this material can be considered the best
material.
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Table 4. Weighted super matrix — thermal (50%) and mechanical (50%
Properties fi 12 f3 fa fs fo fi | A1 | A2 | A3 | As | As | Ae | A7 | As | Ao
Cy fil O 0 0 0 0 0 0 10.120{0.060/0.080{0.060{0.080{0.240{0.240| 0.06 [0.060
D 21 0 0 0 0 0 0 0 10.060{0.240]/0.240[0.240{0.060{0.060{0.060| 0.12 [0.240
Y] il O 0 0 0 0 0 0 ]0.080{0.120]0.120]0.120{0.120{0.080{0.080| 0.24 [0.120
a fal O 0 0 0 0 0 0 ]0.240[0.080]/0.060]0.080{0.240{0.120{0.120| 0.08 [0.080
E fs]1 0 0 0 0 0 0 0 10.273]0.136/0.091]0.091]0.136]0.091{0.0910.273]0.091
Hy fo| O 0 0 0 0 0 0 10.136]0.091]0.136]0.136]0.273|0.136]0.136|0.091(0.273
Kic fil 0 0 0 0 0 0 0 10.091]0.273]0.273]0.273]0.091{0.273]0.273|0.136]0.136
SrZrQOs A1]0.073]0.061]0.062{0.113]0.116]0.106(0.102| 0 0 0 0 0 0 0 0 0
YbsNbO7 A210.103]0.160(0.137[0.110{0.094]0.092(0.102| 0 0 0 0 0 0 0 0 0
Yb3TaO~ A310.115]0.144]0.122]0.105[0.103]0.113|0.115] 0 0 0 0 0 0 0 0 0
LaTi2AlyO19 | 440.042]0.131]0.124{0.111]0.082]0.082]0.088| 0 0 0 0 0 0 0 0 0
LaxZr207 As10.08510.075]0.089{0.098(0.113]0.114(0.074| 0 0 0 0 0 0 0 0 0
Mg,SiO4 A6 0.25410.055]0.063]0.113]0.106]0.116(0.190] 0 0 0 0 0 0 0 0 0
La;Hf,0~ A7(0.14210.059]0.069]0.100]0.091]0.113|0.154| 0O 0 0 0 0 0 0 0 0
LaxCe207 As [0.095]0.147]0.169]0.133]0.216]0.071|0.074| 0O 0 0 0 0 0 0 0 0
Gd2Zr207 A9 [0.092]0.169]0.165]0.117]0.079]0.192|0.102| 0 0 0 0 0 0 0 0 0

Table 5. Weighted super matrix — thermal (60%) and mechanical (40%)
Properties fi 1 f Jfa f5 o fi | A | Ay | A3 | As | As | As | A7 As Ao
Cy fil O 0 0 0 0 0 0 ]0.14410.072|0.096(0.072|0.096|0.288[0.288| 0.072 | 0.072
D il O 0 0 0 0 0 0 10.07210.288]0.288]0.288|0.072|0.072]0.072| 0.144 | 0.288
y) 3] O 0 0 0 0 0 0 ]0.096(0.144|0.144]/0.144|0.144]0.096]0.096| 0.288 | 0.144
a fa] O 0 0 0 0 0 0 ]0.288]0.096|0.072(0.096|0.288|0.1440.144| 0.096 | 0.096
E fs]1 O 0 0 0 0 0 0 1]0.218|0.109]0.073]0.073(0.109|0.073{0.073| 0.218 | 0.073
Hy fo| O 0 0 0 0 0 0 10.109(0.073]0.109]0.109(0.218]0.109]|0.109| 0.073 | 0.218
Kic fil O 0 0 0 0 0 0 10.073/0.218]0.218]0.218(0.073]0.218]0.218| 0.109 | 0.109
SrZrQO;3 A1]0.073(0.061]0.062{0.113(0.116|0.106{0.102| 0 0 0 0 0 0 0 0 0
YbsNbO7 |A42(0.103|0.160{0.137{0.110|0.094{0.092(0.102| 0O 0 0 0 0 0 0 0 0
YbsTaO7 |A43|0.115]0.144|0.122(0.105]0.103]|0.113|0.115| O 0 0 0 0 0 0 0 0
LaTi2AloO19| 44|0.042(0.131]0.124(0.111]0.082]0.082(0.088| 0 0 0 0 0 0 0 0 0
La:Zr.07 | As(0.085/0.075|0.089{0.098|0.113{0.114(0.074| O 0 0 0 0 0 0 0 0
Mg2SiO4 A6(0.254(0.055]0.063(0.113(0.106|0.116{0.190| 0O 0 0 0 0 0 0 0 0
LaHf,07 |A47|0.142]0.059|0.069(0.100{0.091]0.113|0.154| O 0 0 0 0 0 0 0 0
La:Ce207 | A4s|0.095(0.147(0.169{0.133]0.216[0.071]0.074| 0 | o | o | o | o | 0 | © 0 0
Gd2Zr07  [45]0.092]0.169]0.165[0.117]0.079]0.192]0.102] 0 [ o [ o [ o [ o [ o | 0 | o 0

Table 6. Weighted super matrix — thermal (70%) and mechanical (30%)
Properties flplplAalplflplalanla]a]a] ] 4] 45 | 4
Gy fil O 0 0 0 0 0 0 ]0.168|0.084]0.112]0.084|0.112]0.336]0.336| 0.084 | 0.084
D fil O 0 0 0 0 0 0 10.084|0.336]/0.336]0.336/0.084]0.0840.084| 0.168 | 0.336
Y] il O 0 0 0 0 0 0 ]0.112]0.168]0.168]0.168|0.168|0.112]0.112] 0.336 | 0.168
a fal O 0 0 0 0 0 0 10.336/0.112]0.084]0.11210.336|0.168]0.168]| 0.112 | 0.112
E fs1 O 0 0 0 0 0 0 ]0.164/0.082]0.055]0.055]0.082]0.055]0.055| 0.164 | 0.055
Hy fs| O 0 0 0 0 0 0 10.082]0.055[0.082]0.082|0.164]0.082]0.082| 0.055 | 0.164
Kic fil 0 0 0 0 0 0 0 ]0.055|0.164]0.164]0.164|0.055]0.164]0.164| 0.082 | 0.082
SrZrQO; A1]0.073/0.061]0.062]0.113|0.116]0.106{0.102| 0 0 0 0 0 0 0 0 0
YbsNbO7  |A42(0.103/0.160[0.137{0.110]0.094{0.092(0.102] 0 0 0 0 0 0 0 0 0
YbsTaO7 |A43(0.115/0.144]0.122{0.105]0.103]0.113|0.115] O 0 0 0 0 0 0 0 0
LaTi2AloO19] 44(0.04210.131]0.124(0.111]0.082]0.082[0.088] 0 0 0 0 0 0 0 0 0
LaZr,07 | A45(0.085/0.075]0.089{0.098]0.113]0.114(0.074] O 0 0 0 0 0 0 0 0
Mg2SiO4 A6]0.254|0.055]0.063]0.113|0.106]|0.116]0.190| 0 0 0 0 0 0 0 0 0
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LaHf207 | A47]0.142]0.059[0.069]0.100/0.091]|0.113]0.154| O 0 0 0 0 0 0 0 0
La;Ce207 | A45(0.095|0.147]0.169(0.133]0.216]0.071[0.074] O 0 0 0 0 0 0 0 0
Gd2Zr:07 [ A4910.092]10.169]0.165(0.117]0.079]0.192(0.102] 0O 0 0 0 0 0 0 0 0
Table 7. Weighted super matrix — thermal (80%) and mechanical (20%)
Properties fi 12 fi fa fs fo fi | A | A2 | A3 | Aa | As | As | A7 As Ao
Cy fil O 0 0 0 0 0 0 10.19210.096]0.128]0.096|0.128]0.3840.384| 0.096 | 0.096
D £l O 0 0 0 0 0 0 10.096/0.384]0.384]0.384/0.096{0.096]0.096| 0.192 | 0.384
Y] il O 0 0 0 0 0 0 10.128]|0.192]0.192]0.192]0.192]0.128]0.128] 0.384 | 0.192
a fa]l O 0 0 0 0 0 0 ]0.384/0.128]0.096]0.128|0.384]0.192]0.192] 0.128 | 0.128
E fs]1 O 0 0 0 0 0 0 10.109]0.055[0.036]0.036|0.055]0.036]0.036] 0.109 | 0.036
Hy fs| O 0 0 0 0 0 0 10.055]0.036]/0.055]0.055|0.109]0.055]0.055] 0.036 | 0.109
Kic fil O 0 0 0 0 0 0 10.036/0.109]0.109]0.109/0.036]0.109]0.109| 0.055 | 0.055
SrZrQOs A1]0.073]0.061]0.062]0.113|0.116]0.106{0.102| 0 0 0 0 0 0 0 0 0
YbsNbO7 |A42(0.103/0.160[0.137{0.110]0.094{0.092(0.102] 0 0 0 0 0 0 0 0 0
YbsTaO7 |A43/0.115[0.144]0.122(0.105]0.103]0.113|0.115] O 0 0 0 0 0 0 0 0
LaTi2AloO19| 44|0.042[0.131]0.124|0.111]0.082]0.082|0.088| 0 0 0 0 0 0 0 0 0
LaxZr,07 | A45/0.085[0.075/0.089(0.098]0.113]0.114|0.074] O 0 0 0 0 0 0 0 0
Mg:SiO4 A6|0.25410.055]0.063(0.113]0.106]0.116/0.190] 0 0 0 0 0 0 0 0 0
La;Hf,07 |A47/0.142]0.059]0.069(0.100]{0.091]0.113|0.154] O 0 0 0 0 0 0 0 0
LaxCe207 | A45/0.095[0.147]0.169(0.133]0.216]0.071|0.074| O 0 0 0 0 0 0 0 0
Gd2Zr207  |A49]0.092(0.169]0.165]0.117]0.079]0.192]0.102| 0 0 0 0 0 0 0 0 0
Table 8. Limit matrix — thermal (50%) and mechanical (50%)
Properties il l Al Al AL 1A A 4] 4] 4] As | As | A7 | As | Ao
Cy £110.11210.112]0.112]0.112]0.112|0.112]0.112] 0 0 0 0 0 0 0 0 0
Dy £210.150/0.150{0.150{0.150]/0.150]0.150/0.150] O 0 0 0 0 0 0 0 0
Y] £310.12210.122(0.122]0.122]0.122|0.122]0.122] 0 0 0 0 0 0 0 0 0
a f410.116|0.116]0.116]0.116]0.116|0.116]0.116] 0 0 0 0 0 0 0 0 0
E £510.140/0.140{0.140(0.140]10.140/0.140]0.140{ O 0 0 0 0 0 0 0 0
Hy f610.156|0.156(0.156]0.156]0.156|0.156]0.156] 0 0 0 0 0 0 0 0 0
Kic £710.204|0.204(0.204|0.204]10.204|0.204]0.204| O 0 0 0 0 0 0 0 0
SrZrQO;3 A1 0 0 0 0 0 0 0 10.09210.092{0.092]0.092]0.092]0.092]0.092{0.092{0.092
YbsNbO7 (42| O 0 0 0 0 0 0 ]0.113]0.113{0.113]0.113]0.113]0.113]0.113]0.113]0.113
YbsTaO~ As| 0 0 0 0 0 0 0 10.117]0.117{0.117]0.117]0.117]0.117]0.117{0.117{0.117
LaTi2AlyO19|A44| 0 0 0 0 0 0 0 10.095]10.095{0.095[0.095]0.095{0.095[0.095]0.095]0.095
La:Zr:07  |4s| 0 0 0 0 0 0 0 10.09210.092{0.092]0.092]0.092{0.092]0.092{0.092{0.092
Mg:SiO4 As| O 0 0 0 0 0 0 10.129]0.129{0.129]0.129]0.129]0.129]0.129{0.129{0.129
LaHf207 |47] 0 0 0 0 0 0 0 10.10610.106/0.106]/0.106]0.106]|0.106]|0.106]0.106|0.106
La:Ce07  |A4s] 0 0 0 0 0 0 0 ]0.125]0.125[0.125[0.125]0.125]0.125]0.125]0.125]0.125
Gd2Zr,07 |49 O 0 0 0 0 0 0 ]0.131]0.131{0.131{0.131{0.131|0.131{0.131]0.131]0.131
Table 9. Limit matrix — thermal (60%) and mechanical (40%)
Properties il l pl Al Al 1l Al A A 4] 4] 45| A5 | A7 | As | A
Cy £110.133]0.133]0.133]0.133/0.133]0.133|0.133| O 0 0 0 0 0 0 0 0
D 12 10.182]0.182]0.182]0.182]0.182(0.182]0.182| 0 0 0 0 0 0 0 0 0
Y] £310.147[0.147]0.147]0.14710.147(0.147]0.147| O 0 0 0 0 0 0 0 0
a f410.138]0.138]0.138]0.138/0.138{0.138|0.138| O 0 0 0 0 0 0 0 0
E f510.112]0.112]0.112]0.112]0.112{0.112]0.112] 0 0 0 0 0 0 0 0 0
Hy f610.125[0.125]0.125]0.125]0.125]0.125]0.125] 0O 0 0 0 0 0 0 0 0
Kic £710.164[0.164]0.164]0.164|0.164(0.164]0.164| O 0 0 0 0 0 0 0 0
SrZrQOs A1l O 0 0 0 0 0 0 ]0.088]0.088]0.088|0.088|0.088|0.088(0.088]0.088]|0.088
YbsNbO7  [42] O 0 0 0 0 0 0 10.117]0.117/0.117{0.117]0.117{0.117]0.117[0.117]0.117
Yb;TaO~ As| O 0 0 0 0 0 0 [0.118]0.118|0.118]0.118]0.118]0.118|0.118]0.118|0.118
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LaTi;AlyO19 (44| O 0 0 0 0 0 0 10.097]0.097]0.097|0.097{0.097|0.097]0.097]0.097]|0.097
LaxZr,07  |4s| 0 0 0 0 0 0 0 10.09110.091/0.091{0.091]0.091[0.091]0.091{0.091]0.091
Mg>SiO4 As| O 0 0 0 0 0 0 ]0.126]0.126|0.126(0.126|0.126{0.126]0.126|0.126]0.126
La:Hf,07  |47] O 0 0 0 0 0 0 ]0.10310.103/0.103]0.103]0.103]0.103|0.103]0.103]0.103
LaxCe207  |A4s| 0 0 0 0 0 0 0 [0.128]0.128|0.128]0.128[0.128]0.128|0.128]0.128|0.128
Gd2Zr:07 |49 O 0 0 0 0 0 0 [0.13310.133]0.133]0.133]0.133]0.133/0.133]0.133]0.133
Table 10. Limit matrix — thermal (70%) and mechanical (30%)
Properties Al Ll Al AL AL filfildai ]| 4] A5 | A [ As | As | A7 | As | Ao
Gy £110.153]0.153]0.153]0.153]0.153|0.153]0.153| O 0 0 0 0 0 0 0 0
D 1210.214]0.214]0.214]0.214]10.214(0.214]0.214] O 0 0 0 0 0 0 0 0
A £310.173]0.173]0.173]0.17310.173]0.173]0.173| O 0 0 0 0 0 0 0 0
a £410.160(0.160]0.160[0.160|0.160{0.160]0.160| 0 0 0 0 0 0 0 0 0
E £510.084[0.08410.084]0.084|0.084|0.084]0.084| O 0 0 0 0 0 0 0 0
Hy £610.093]0.09310.093]0.093/0.093]0.093|0.093| O 0 0 0 0 0 0 0 0
Kic £710.123]0.123]0.123]0.12310.123(0.123]0.123| 0 0 0 0 0 0 0 0 0
SrZrQOs Al O 0 0 0 0 0 0 ]0.085]0.085]0.085]0.085]0.085|0.085[0.085]0.085]0.085
YbsNbO7  [42| O 0 0 0 0 0 0 10.120]0.120/0.120{0.120]0.120{0.120]0.120(0.120]0.120
Yb;TaO~ As| O 0 0 0 0 0 0 10.120]0.120/0.120{0.120]0.120{0.120]0.120(0.120]0.120
LaTi:AlyO19 44| O 0 0 0 0 0 0 10.099]0.099]0.099]0.099{0.099|0.099{0.09910.099]0.099
La:Zr:07  |As| O 0 0 0 0 0 0 10.089]0.089]0.0890.089]0.089|0.089[0.089]0.089]0.089
Mg>SiO4 As| O 0 0 0 0 0 0 10.123]10.123]0.123]0.123]0.123]0.123|0.123]0.123]0.123
La;Hf,07  |47] O 0 0 0 0 0 0 10.099]0.099]0.099]0.099]0.099|0.099[0.099]0.099]0.099
La;Ce:07 |43 O 0 0 0 0 0 0 10.130]0.130/0.130{0.130]0.130{0.130]0.130(0.130]0.130
Gd2Zr:07 |49 O 0 0 0 0 0 0 10.134]10.134/0.134]0.134]0.134]0.134]0.134(0.134/0.134
Table 11. Limit matrix — thermal (80%) and mechanical (20%)
Properties il lpal Al AL LA A A 4] A As | A5 | 47 | As | A
Cy £110.17210.172]0.172]0.17210.172]0.172]0.172| 0O 0 0 0 0 0 0 0 0
D 12 10.24810.248]0.248]0.24810.248(0.248]0.248| O 0 0 0 0 0 0 0 0
Y] £310.199(0.199]0.199]0.199]0.199(0.199]0.199| 0 0 0 0 0 0 0 0 0
a f410.181]0.181]0.181]0.181]0.181(0.181]0.181| O 0 0 0 0 0 0 0 0
E £510.056[0.056|0.056]0.056|0.056|0.056|0.056| O 0 0 0 0 0 0 0 0
Hy £610.062(0.062]0.062[0.062]|0.062[0.062]0.062| 0 0 0 0 0 0 0 0 0
Kic £710.082(0.082]0.082]0.082]0.082{0.082]0.082| 0 0 0 0 0 0 0 0 0
SrZrQOs Al O 0 0 0 0 0 0 10.082]0.082/0.082{0.082]0.082{0.082]0.082|0.082]0.082
YbsNbO~ A2l O 0 0 0 0 0 0 10.124]10.124|0.124{0.124|0.124[0.124]0.124|0.124/0.124
Yb3TaOy As| O 0 0 0 0 0 0 10.121]10.121]0.121{0.121]0.121]0.121]0.121{0.121]0.121
LaTi:AlvO19 (44| O 0 0 0 0 0 0 10.101]0.101/0.101{0.101]0.101{0.101]0.101{0.101]0.101
LaxZr,07  |4s| 0 0 0 0 0 0 0 ]0.088]0.088]0.088|0.088|0.088|0.088(0.088]0.088]|0.088
Mg>SiO4 As| O 0 0 0 0 0 0 10.119]0.119/0.119{0.119]0.119{0.119]0.119(0.119]0.119
La;Hf,07  |47] 0O 0 0 0 0 0 0 ]0.095]|0.095]0.095]|0.095]0.095|0.095[0.095]0.095]0.095
LaxCe207  |A4s| 0 0 0 0 0 0 0 ]0.13310.133]0.133]0.133]0.133]0.133/0.133]0.133]0.133
Gd2Zr:07 |49 O 0 0 0 0 0 0 ]0.136]0.136/0.136]0.136]0.136]0.136]/0.136(0.136]0.136
Table 12. Final ranking of materials
Cluster
szelllgei'lltnal' Results | SrZrOs | YbsNbO7 | Yb3TaO7 | LaTi2AlyO19 | La2Zr207 | Mg2SiO4 | La:Hf207 | La2Ce207 | Gd2Zr207
Mechanical)
50:50 Score | 0,092 | 0,113 | 0,117 0,095 0,092 | 0,129 | 0,106 0,125 0,131
Rank 9 5 4 7 8 2 6 3 1
60:40 Score | 0.088 0.117 0.118 0.097 0.091 0.126 0.103 0.128 0.133
Rank 9 5 4 7 8 3 6 2 1
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70:30 Score | 0.085 0.120 0.120 0.099 0.089 0.123 0.099 0.130 0.134
Rank 9 4 5 8 3 6 2 1

80:20 Score | 0.082 0.124 0.121 0.101 0.088 0.119 0.095 0.133 0.136
Rank 9 3 4 8 5 7 2 1

2) La,Cey0O7 takes second place (except 50:50 — third
place) by a small margin, also in all sets of weights. La,Ce,O-
can also be considered the second-best material.

3) Mg»SiOs, YbsNbO; and YbsTaO5 share 3, 4" and 5%
places (except 50:50 where Mg,SiO4 takes second place)
depending on the set of weights and can be considered as
suitable materials.

4) La;Hf,07, LaTi,AlgO19, LazZr,07 and SrZrOs took the
last places, and these materials can be considered less suitable
or unsuitable.

4. Conclusion

This paper primarily focuses on determining the best
oxide material for the TBC system using the ANP approach.
The thermal and mechanical properties of the main oxide
materials used for thermal barrier coatings have been
presented. Having feedback allows us to get more information
about how to fix the problem. ANP also provides a greater
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