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Apparent Interfacial Toughness of Undoped
and Photoluminescent Eu3+-Doped Yttria-Stabilized Zirconia
Thermal Barrier Coatings

Yankuan Liu1,2 • Etienne Copin2 • Sandrine Duluard3 • Thierry Sentenac2 •

Zhiping Wang1 • Florence Ansart3 • Philippe Lours2

Abstract Most photoluminescence methods for the diag-

nostic of thermal barrier coatings (TBC) rely on the func-

tionalization of yttria-stabilized zirconia (YSZ) with

trivalent lanthanide ions. It consists in determining tem-

perature and detecting preventively damages within the

volume of the TBC prior to ceramic topcoat spallation. The

latter depends on the interfacial toughness, which is an

important factor to address thermal barrier coating’s per-

formance and durability. In this paper, the influence of the

addition of rare earth elements (Eu3?) on the interfacial

toughness of TBC deposited by atmospheric plasma spray

is investigated. Two types of coatings are deposited and

investigated: (1) Type I: coating deposited using Eu3?-

doped YSZ powder (2 mol.%), (2) Type II: coating

deposited using undoped YSZ powder. Both types of

coatings are heat-treated at 1100 �C under isothermal

conditions using different oxidation exposure times: 100,

300 and 800 h. The morphology of the interface between

the topcoat (TBC) and the bond coat is analyzed by scan-

ning electron microscopy. The apparent interfacial tough-

ness is investigated using indentation. It is shown that the

interfacial apparent toughness decreases as the oxidation

exposure time increases. Concomitantly, the thickness of

the thermally grown oxide (TGO) layer between the bond

coat and the topcoat increases. Results show as well that

the partial substitution of Y3? ions by a low amount of

Eu3? ions (2 mol.%) does not have influence on the

microstructure and the interfacial toughness of the YSZ

coatings. In addition, energy dispersive spectrometry

reveals that there is no diffusion of Eu3? into the TGO

layer. It is therefore concluded that the use of Eu3? for

damage diagnostic based on photoluminescence methods

will not induce any kind of degradation of the properties of

TBCs.

Keywords air plasma spray � interfacial toughness �
photoluminescence � thermal barrier coating � thermally

grown oxide

Introduction

Thermal barrier coatings (TBCs) are widely used in com-

ponents operating at high temperature such as gas turbines

and aero-engines. Standard TBC systems are composed of

an intermetallic bond coat such as MCrAlY (M = Ni, Co,

Fe) or (Ni,Pt) Al on which is deposited a thermally insu-

lating ceramic topcoat, made of yttria-stabilized zirconia

(YSZ) in most cases. The main objective of TBCs is to

protect and to insulate the underneath metallic parts in

order to allow specific engine design to be run under

optimized high temperatures, consequently increasing tur-

bine efficiency. Even though the use of TBC systems

results in superior performances of components (Ref 1, 2),

thermal strains and stresses generated by transient thermal

gradients developed during in-service thermal and

mechanical cyclic exposure limit the durability of those

multi-material systems, generally by initiating early

& Yankuan Liu

liuyankuan314@163.com

1 Tianjin Key Laboratory of Civil Aircraft Airworthiness and

Maintenance, Civil Aviation University of China,

Tianjin 300300, China

2 Institut Clément Ader (ICA), CNRS, IMT Mines Albi, INSA,

ISAE-SUPAERO, UPS, Université de Toulouse, Campus
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cracking and detrimental spallation of the protective YSZ

deposit.

The adherence properties of TBC systems usually

decrease following exposure at high temperature because

of the in-service growth of a TGO (thermal grown oxide)

layer, which is always a multi-scale oxide composed of one

layer of Al2O3 and one layer of CoCrNiO, between the

bond coat and the ceramic topcoat, combined with the

development of residual stresses within the TBC at the

interface between the various layers of different natures

(Ref 3, 4). This TGO layer, acting as a diffusion barrier,

generally exhibits roughly parabolic growth kinetics, until

either out-of-plane or in-plane cracking develops, which

stands as the onset of the degradation that usually develops

through the detachment and ejection of TBC or TBC plus

TGO particles. Consequently, this spallation-induced

damage strongly limits the lifetime of the TBC systems. As

a matter of fact, the interfacial toughness, indicating the

ability of the system to resist to the initiation and propa-

gation of cracks across the TGO, at the interface between

the TGO and the topcoat or throughout the bond coat, is

one of the most important factors to address for assessing

TBC systems durability (Ref 5). In relation to various

manufacturing processes and various aging conditions,

several specific interfacial toughnesses and spallation

locations in relationship with microstructural details such

as TGO thickness, interfacial rumpling, barbules develop-

ment, have been investigated (Ref 6, 7), including one of

our previous work (Ref 8).

Because pre-spallation damages, as buckle, ridge or

wedge formation, are insidious, photoluminescence meth-

ods are being developed for early detection and monitoring

of TBC damages at the interface between the bond coat and

the topcoat prior to the onset of the ceramic layer spalling

(Ref 9, 10), so as to effectively avoid damage in combus-

tion chamber and blades. Photoluminescence is a solid-

state physics property related to the relaxation down to the

ground state of electrons initially brought up to an excited

state by the absorption of light. This results in radiative

electronic transitions leading to a spontaneous emission of

photons (Ref 11). The spectral and temporal characteristics

of the luminescence emissions can be used to determine the

critical temperature for material damages (Ref

9, 10, 12, 13). Photoluminescence methods, which rely on

the functionalization of the topcoat with trivalent lan-

thanide ions with fluorescence properties, show high

accuracy and stability (Ref 14, 15). Nowadays, YSZ layers

doped with rare earth elements can be prepared at different

depths in the ceramic topcoat by plasma spray to achieve

nondestructive through-thickness testing of YSZ within the

entire volume of the TBC, and especially close to the

interface with the bond coat where most damage mecha-

nisms occur.

Several researches have investigated the influence of the

introduction of rare earth elements into ceramic coatings.

While some detrimental effects of this introduction on the

TBC were reported, it can as well improve some of the

functional properties of TBCs. Leilei Sun et al. showed that

the thermal conductivity of Yb2O3 and Y2O3 co-doped

zirconia is 20% lower than that of standard YSZ (Ref 16).

Other lanthanide ions such as Pr3?, Nd3?, Gd3?, Dy3?,

Er3? are also reported as efficient dopants to significantly

reduce the thermal conductivity of ZrO2 (Ref 17-21).

Habibi et al. compared the hot corrosion performance of

YSZ and TaYSZ (YSZ-Ta2O5) composite samples and

showed that TaYSZ has much better hot corrosion resis-

tance than YSZ in the presence of a molten mixture of

Na2SO4 ? V2O5 at 1100 �C (Ref 22). However, Pilgrim

et al. (Ref 23) indicated that layers of YSZ:Dy3? and

YSZ:Eu3? deposited by plasma spray exhibit higher ero-

sion rate than undoped YSZ layers at 20 and 800 �C, as

already observed at 20 �C on EB-PVD TBCs doped with

2-4 mol.% of Gd2O3 (Ref 24).

Because of their ionic radii close to that of Y3?, the

addition of lanthanides into the crystal structure of zirconia

leads similarly to the stabilization of the quadratic t0 or the

cubic c structure. Jiang et al. (Ref 25) examined these

phase transformations and lattice parameter change as a

function of temperature by comparing YSZ, CeO2-doped

YSZ and Nb2O5-doped YSZ. Functionalization of TBC for

photoluminescence applications generally requires small

amounts of activators (1-3 mol.%), which are usually

assumed to not disturb the integrity and properties of the

coating. TBC luminescence sensing methods are intended

to be used in particular for the monitoring of the damage in

TBC during research and development phases, under the

assumption that the behavior of the doped TBC is the same

as that of a conventional TBC. Previous works from the

authors (Ref 26) showed that even the introduction of small

amounts of lanthanide ions in the lattice of YSZ (1-

5 mol.%) produced by a sol–gel route, if not compensated

by an equal reduction of the amount of Y3? ions, can

already lead to substantial modification of the lattice

parameters. This leads to an increase of the tetragonality

coefficient c/aH2 of the t0 phase from the optimum value

assumed to ensure the best thermo-mechanical properties.

In the authors’ opinion, there has been only little research

conducted on the durability of functionalized TBC, espe-

cially about the impact of lanthanide doping on the inter-

facial toughness, an important factor regarding the quality

and performance of TBC systems.

The objective of this paper is to investigate the influence

of the functionalization of YSZ with 2 mol.% of EuO1.5,

especially on the interfacial toughness and the TGO mor-

phology of APS TBC after long-term isothermal exposure

at high temperature. Eu3? is selected as it exhibits a bright



luminescence signal in YSZ coatings (Ref 26) and is often

used for the production of TBC sensors (Ref 10, 12, 27-29).

YSZ powder of composition ((YO1.5)0.098(ZrO2)0.902) and

YSZ:Eu powder of composition ((EuO1.5)0.02

(YO1.5)0.078(ZrO2)0.902) are used to deposit two types of

TBC systems constituted of a YSZ layer (undoped or Eu3?-

doped) on top of a CoCrAlY bond coat by using atmo-

spheric plasma spray (APS) method. The main degradation

of such multilayer system is due to an alteration of the

adherence at the interfaces of the thermal barrier coating as

a consequence of isothermal oxidation (Ref 30). Specimens

are thus oxidized under isothermal conditions at 1100 �C
up to 800 h in order to grow oxide layers with different

thicknesses and different proportions of Al2O3 versus

CoCrNiO. By using interfacial indentation test (Ref

31, 32), interfacial toughness of specimens relative to dif-

ferent aging treatments are analyzed. TGO morphology and

composition are also derived from scanning electron

microscopy (SEM) and energy dispersive x-ray spec-

troscopy (EDS), respectively.

Experimental

Preparation of Specimens

Substrates are cylinders with a diameter of 25.4 mm and a

thickness of 6 mm. The substrate material is Hastelloy-X

superalloy. CoCrAlY powders are used to prepare the bond

coat, whose thickness is around 100 lm. This CoCrAlY

powder is composed of 23 wt.% of chromium (Cr),

13 wt.% of aluminum (Al), 0.5 wt.% of yttrium (Y) and

balance cobalt (Co). Two kinds of YSZ powders are used

to deposit the topcoat, (1) undoped YSZ with typical

equilibrium composition (YO1.5)0.098(ZrO2)0.902 that guar-

antees the crystallization of the quadratic phase t0, (2) Eu-

doped YSZ powder (YSZ:Eu) with composition

(EuO1.5)0.02(YO1.5)0.078(ZrO2)0.902. Both kinds of powders

are produced by Zhoushan Tengyu Aerospace New Mate-

rial Co., Ltd., Zhejiang China. For the Eu-doped powder,

the total amount of stabilizing elements (EuO1.5 and YO1.5)

remains the same as for the undoped powder, so that the

quadratic t0 phase crystallizes with the same coefficient of

tetragonality (Ref 26). These powders are used to deposit a

160 lm thick layer of ceramic topcoat by APS on the

substrates with bond coat. Two types of APS specimens

with different topcoats are prepared: (1) Type I with a

topcoat made of YSZ:Eu powder, (2) Type II with a top-

coat made of YSZ powder. The two types of coatings are

illustrated in Fig. 1.

An APS 3710 model manufactured by PRAXAIR is

used to prepare the TBCs, both for bond coat and topcoat.

A six-axis robot automatic hand model 2400 M

manufactured by ABB is used for spraying in order to

ensure an accurate and consistent distance and projection

speed. The spraying parameters for the bond coat and the

topcoats are given in Tables 1 and 2, respectively:

Isothermal Heat Treatment of Specimens

Isothermal oxidation specimens are divided into three

groups, all tested in the same furnace (CARBOLITE-

CWF1300) and at the same temperature, i.e., 1100 �C.

First, second and third group are, respectively, exposed

during 100, 200 and 800 h. Following oxidation, all spec-

imens from the three groups are compared to the as-de-

posited specimens.

Microstructure and Interfacial Toughness

Characterization

The cross sections of the coated specimens are investigated

by scanning electron microscopy (SEM) to reveal the

details of the morphology, the possible damage and the

Fig. 1 Illustration of the different types of ASP YSZ coatings:

(a) Type I (Eu3? doped) (b) Type II (undoped)

Table 1 Parameters for preparing the APS CoCrAlY bond coat

Item Gas Value

Primary gas/PSI Ar 60

Secondary gas/PSI He 120

Carrier gas/PSI Ar 40

Current/A 835

Voltage/V 38

Spray distance/mm 85

Gun moving velocity/mm s-1 450

Powder source speed/RPM 3.5



overall microstructure. The hardness and Young’s modulus

of the coatings (both of bond coats and topcoats) are

deduced from measurements made on a CSM Indentation

Tester equipped with a Berkovich nano-indenter. They are,

respectively, derived from optical microscopy images and

elastic force–displacement curves as shown for a given

case of topcoat in Fig. 2(a) and (b). The principle of the

measurement is based on the depth-controlled indentation

of the material. Once the targeted penetration (2 lm in the

case illustrated in Fig. 2b) is reached, the load is kept

constant for a short time (under a force of 380 nN in the

case illustrated in Fig. 2b), giving rise to a slight material

relaxation. The force is then released to retrieve the elastic

strain produced by the indentation. After measuring the

size of the indent imprint and the slope of the elastic curve

upon stress release, the Vickers hardness and Young’s

modulus are, respectively, calculated automatically.

For bi-materials, a simple model basically based on a

mixing law to quantitatively estimate the apparent tough-

ness of the interface is proposed in Ref. 33 for hard coat-

ings. It is shown that the apparent interfacial toughness

(Kca) can be calculated using the following equation:

Kca ¼ 0:015
Pc

a
3=2
c

E

H

� �1=2

i

ðEq 1Þ

where H is the hardness, E the elastic modulus (subscript

I stands for Interface), Pc is the critical value (in Newton)

of the load P exerted using Vickers indentation at the

interface between the two materials of the system and ac is

the critical crack size (in m). Both Pc and ac correspond to

the critical values of load and crack size, respectively,

related to the onset of interfacial crack initiation due to

indentation.

The value of the ratio E
H

� �1=2

I
relative to the interface

between the bond coat and the topcoat is given by Eq. (2):

E

H

� �1=2

I

¼
E
H

� �1=2

S

1 þ HS

HTC

� �1=2
þ

E
H

� �1=2

TC

1 þ HTC

HS

� �1=2
ðEq 2Þ

where subscripts S and TC stand for substrate (bond coat)

and topcoat (ceramic layer), respectively.

The methodology to measure the various parameters

included in the above model and derive experimental val-

ues of the interfacial toughness has been extensively

introduced and discussed in Ref 34. Note that the method

employs a pyramidal indenter and can be applied for a

large range of coating thicknesses (greater than 100 lm); it

is specifically used for investigating adhesion of TBC

systems (Ref 35). Basically, for one specimen corre-

sponding to a given aging condition, each interfacial

indentation load P generates a square-shaped indent

imprint with diagonal b and, if any (when P C Pc), a crack

with size a (a C ac). Four to five indentations are per-

formed for each load to be as representative as possible and

to minimize error. Quantitative approach is derived by

plotting two lines, i.e., ln(P) versus ln(b) (master curve)

and ln(P) versus ln(a) (crack curve). The intercept between

the two curves simply gives the critical load Pc and the

critical crack size ac. The values of a and b are measured

from SEM micrographs as shown in Fig. 3.

Results and Discussion

Interfacial Toughness

Hardness and Young’s modulus values of both the bond

coat and the topcoat for the two types of coatings are

shown in Table 3. They are, respectively, 585 ± 5 HV and

73.7 ± 2.1 GPa for the doped topcoat, and 587 ± 3 HV

and 73.5 ± 3.6 GPa for the undoped topcoat. These values

fall in the expected range of hardness and Young’s mod-

ulus for typical dense APS TBCs (300-700 HV and

75 GPa), as indicated in Ref 36. It is concluded that the

hardness and stiffness of Type I and Type II TBCs are very

similar, indicating that the addition of 2 mol.% of Eu3?

ions in substitution to Y3? ions does not modify the HV

and E values of the YSZ topcoat.

Plotted in Fig. 4 with square-shaped symbols is the

curve gathering the whole set of indent diagonal b data

obtained for the whole bunch of specimens, respectively,

aged and non-aged, the so-called master curve as defined

above in part 2.3. The satisfactorily fitted linear relation-

ship between (Ln b) and (Ln P), showing slopes close to

0.5 (0.537 and 0.547 for coatings Type I and Type II,

respectively, see Table 4), is in good agreement with the

general standard formula relating the Vickers hardness

(HV) of bulk materials to the ratio between the applied load

P and the square of the diagonal length b2, as discussed in

Ref. (Ref 34). This master curve corresponds to typical

hardness curve, its slope (close to 0.5) is independent of the

Table 2 Parameters for preparing the APS YSZ topcoats

Item Gas Value

Primary gas/PSI Ar 60

Secondary gas/PSI He 120

Carrier gas/PSI Ar 30

Current/A 860

Voltage/V 38.7

Spray distance/mm 72

Gun moving velocity/mm s-1 250

Powder source speed/RPM 4.0



aging conditions. It is also checked that its position does

not depend on the holding time. Both conditions justify

plotting all values on a same graph.

Crack curves representing the evolution of the load-

induced crack length for the various oxidation conditions

tested, (Ln a) versus (Ln P), are superimposed to the

master curve in Fig. 4. Note that for a given oxidation

time and temperature, that is for a given oxide thickness,

the variation of the length a of the indentation-induced

crack versus the applied load P also fits a single regres-

sion line in a Log–Log scale. The intercept between the

master curve and crack curves, giving the critical load,

discriminates the two domains where the applied load is,

respectively, (1) too low to initiate interfacial cracking,

(2) high enough to provoke the initiation and the propa-

gation of an interfacial crack. Note that the required force

for the onset of crack formation decreases with the aging

time. This is straightforwardly related to the increasing

density of structural interfacial defects as the interfacial

TGO grows. These defects are prone to preferentially

initiate cracking as a result of possible local stress

concentration.

Fig. 2 (a) Berkovich nano-

indentation imprint (b) Load-

penetration and relaxation curve

on the topcoat



For the cases shown in Fig. 4, Table 4 gives the corre-

lation when fitting the experimental data points with a

linear model (slope and regression coefficient). Most plots

give satisfactory correlation. However, note that some

regression coefficients are lower than 0.9, which is directly

related to the dispersion in crack size measured after

indentation, as illustrated in Fig. 3. As a matter of fact, in

as-deposited specimens with no TGO, the preferential

Fig. 3 Principle for measuring 2a (crack size) and 2b (indentation

imprint size) by scanning electron microscopy (in case of 9.8 N of

load P)

Table 3 Values of hardness and Young’s modulus measured by

nano-indentation (Berkovich)

Layer Hardness, HV Young’s modulus, GPa

Type I-topcoat 585 ± 5 74 ± 3

Type II-topcoat 587 ± 3 74 ± 4

Type I-bond coat 485 ± 4 126 ± 5

Type II-bond coat 485 ± 6 126 ± 6

Fig. 4 Graphical determination of critical loads causing interfacial

cracking of thermal barriers coatings: (a) Type I: YSZ:Eu coating and

(b) Type II: YSZ coating

Table 4 Equations of linear master curve and crack curves for var-

ious exposure times at 1100 �C

Conditions Equations Linearity

Type I-Master curve ln(b) = 0.547ln(P) ? 2.765 0.941

Type II-Master curve ln(b) = 0.537ln(P) ? 2.688 0.966

Type I as-deposited ln(a) = 1.795ln(P) - 1.419 0.882

Type II as-deposited ln(a) = 1.783ln(P) - 1.000 0.834

Type I-100 h ln(a) = 1.187ln(P) ? 1.812 0.968

Type II-100 h ln(a) = 1.017ln(P) ? 2.126 0.880

Type I-300 h ln(a) = 1.410ln(P) ? 2.404 0.786

Type II-300 h ln(a) = 1.094ln(P) ? 2.716 0.981

Type I-800 h ln(a) = 1.076ln(P) ? 3.385 0.933

Type II-800 h ln(a) = 1.344ln(P) ? 3.467 0.807



crack path is not always confined along the interface but

sometimes deviates locally within the topcoat resulting in

some dispersion (see Fig. 3). In aged specimens with TGO,

the heterogeneity of the interfacial tortuosity gives also

some heterogeneity in crack length.

Values for the critical load Pc, the critical crack size ac,

the apparent toughness Kca and the oxide thickness f are

given in Table 3. As expected, for both Type I and Type II

coatings, the critical load to efficiently indent the interface

between the CoCrAlY bond coat and the YSZ topcoat and

subsequently produce a measurable interfacial crack,

decreases with the severity of the high temperature expo-

sure, i.e., the exposure time, resulting in a decrease in the

interfacial toughness (Table 5 and Fig. 5). The interfacial

toughness decreases from 1.9 ± 0.3 and

2.1 ± 0.4 MPa m-1/2 for the as-deposited coating to

0.84 ± 0.08 and 0.8 ± 0.2 MPa m-1/2 after 800 h at

1100 �C, respectively, for Type I and Type II coatings.

Given the experimental uncertainties determined, it can be

concluded that statistically there is no difference between

the interfacial toughness of the two types of coatings

whatever the exposure time is, i.e., the substitution of

2 mol.% of Y3? ions by Eu3? ions does not alter the

capacity of the interface to resist to cracking from one APS

TBC system to the other. After a significant drop between 0

and 100 h of aging, the further decrease in interfacial

toughness occurs at a relatively smooth and constant rate.

This similar decrease is the result of the similar growth of

the TGO in both cases, leading to similar decrease in

critical crack length of the damage containing TGO layer

for both types of coatings during the heat exposure (up to

9 ± 4 and 10 ± 3 lm, as discussed in the next section).

TGO Morphology

Results from Table 5 shows that the interfacial toughness

decreases as TGO thickness increases. The TGO thick-

nesses are measured from SEM images showing the

interfacial morphologies as illustrated in Fig. 6 for Type I

coatings in as-deposited and aged conditions. Note that the

morphologies for Type II coatings, not shown here, are

very similar. In addition to the TGO thickening, micro-

graphs reveal the presence of porosity, micro-cracks and

local thickness heterogeneity whose amount increases with

aging time. EDS analyses of a representative TGO grown

300 h at 1100 �C are presented in Fig. 6. The TGO is

composed of one dark-contrast layer (analyzed in Point 1)

and one bright-contrast layer (Point 2), an observation

already reported in the previous work (Ref 8). The EDS

(energy dispersive spectroscopy) results (Fig. 7b and c)

indicate that the main components of the darkest layer are

aluminum and oxygen (likely to be Al2O3) and that of the

brightest layer are Co and Cr corresponding to a complex

CoCr oxide in addition to Al2O3. EDS results also show

that there is no Eu3? diffusion into neither the Al2O3 nor

the Co/Cr/Al2O3 layer, as Eu3? can only be detected in the

ceramic coating as expected (Fig. 7d).

Figure 8 plots the variation of TGO thickness with high

temperature exposure time, which follows roughly para-

bolic growth kinetics. There is no statistical difference

between the TGO growth in Type II undoped coatings and

Type I YSZ:Eu coatings. The TGO thickness is comprised

between 9 and 10 lm after 100 h at 1100 �C, around

12 lm after 300 h, and between 18 and 20 lm after 800 h.

The large uncertainties observed for the longest expo-

sure time are related to the local thickness heterogeneities

discussed in the previous paragraphs. It is assumed that

these heterogeneities also explain the difference in the

slopes between the as-deposited and the aged crack curve

shown in Fig. 4.

By plotting the evolution of crack length a produced by

indentation versus the applied load P, an attempt is made to

define a factor indicating the sensitivity of cracking to the

indentation force to address the detrimental effect of these

Table 5 Critical load Pc, critical crack size ac, interfacial toughness

Kca and TGO thickness f for various exposure times at 1100 �C

Conditions Pc, N ac, lm Kca, MPa m1/2 f, lm

Type I as-deposited 28.56 99.35 1.9 ± 0.3 0

Type II as-deposited 19.22 71.59 2.1 ± 0.4 0

Type I-100 h 4.45 35.92 1.4 ± 0.2 9 ± 4

Type II-100 h 3.22 27.50 1.5 ± 0.2 10 ± 3

Type I-300 h 2.01 23.28 1.1 ± 0.3 12 ± 4

Type II-300 h 0.95 14.30 1.16 ± 0.05 12 ± 4

Type I-800 h 0.31 8.28 0.84 ± 0.08 20 ± 8

Type II-800 h 0.30 8.76 0.8 ± 0.2 18 ± 8

Fig. 5 Evolution of the interfacial toughness as a function of the

holding time at 1100 �C for Type I and Type II TBCs



Fig. 6 TGO morphologies of

Type I coating for different

isothermal oxidation conditions:

(a) as-deposited (b) 1100 �C-

100 h (c) 1100 �C-300 h

(d) 1100 �C-800 h

Fig. 7 (a) Type I: 1100�-300 h

(b) EDS peaks in Point 1

(c) EDS peaks in Point 2

(d) EDS peaks in Point 3



heterogeneities. This coefficient s revealing the load sen-

sitivity of the crack propagation (LSCP) is tangential to the

curve at each point. It can be calculated as the differential

da/dP of the curve and is expressed in micrometers per

newton. It comes:

S ¼ da

dP
ðEq 3Þ

In all aging conditions investigated for Type I and Type

II thermal barrier coatings and considering for each case

the explored domain of load, it is shown that the variation

of the mean crack length with indentation force is satis-

factorily approximated using a linear model with regres-

sion coefficients ranging from 0.94 to 0.99. This suggests

that, at least in the load range investigated, the coefficient s

of load sensitivity of the crack propagation does not depend

on the indentation force and can be simply derived from the

slopes of the experimental plots. Consequently, s can be

written as:

S ¼ Da
DP

ðEq 4Þ

Figure 9 shows the evolution of s as a function of the

aging condition for both Type I and Type II TBCs. Coef-

ficient s globally exhibits a monotonous increase as the

aging time extends. This suggests that the multilayered

TBC systems are progressively more sensitive to the

indentation load when the interfacial TGO between the

bond coat and the topcoat further thickens and damages

through the occurrence of structural defects while growing.

A large dispersion for s is, however, shown for the longest

aging time, which is 800 h, in direct relation with the large

dispersion in measured crack length values. In addition,

note that values of s are very similar for Type I and Type II

TBCs, even for the 800 h aging condition where the error

bars of the two types slightly superimpose, indicating as

well that the presence of dopant elements incorporated in

the barriers does not impair the load sensitivity coefficient

whatever the aging time is. This is also very consistent with

the associated decrease in the interfacial toughness detailed

in Fig. 5.

According to the scanning electron microscopy obser-

vations and mechanical properties results, there is almost

no difference between the doped (Type I) and the non-

doped (Type II) TBC systems in terms of initial Young’s

modulus and hardness, values and evolution of interfacial

toughness, overall microstructure and interfacial morphol-

ogy. This can be explained considering the small amount of

rare earth elements in the functional coating (2 mol.%)

incorporated in substitution to Y3? ions. Since the prop-

erties of the YSZ remain the same [structure lattice (Ref

26), hardness and Young’s module] and because the Eu3?

does not impact the growth of the TGO (no diffusion of

Eu3? ions, and no difference in growth rate and defect

density), no difference is observed in interfacial toughness,

which is mainly controlled by the TGO characteristics for

the coating systems presented here, which keep unchanged

the total amount of stabilizing element (Y3? ? Eu3? =

9.8 mol.%). Used as luminescent markers for temperature

and damage diagnostic in TBCs, it is expected that Eu3?

ions will not contribute to any kind of degradation of the

coating durability through spallation.

Conclusion

The main objective of this paper was to study the influence

of small rare earth element additions (Eu3?) on interfacial

toughness and TGO morphology of APS YSZ TBCs. The

interfacial toughness and TGO morphology of undoped

Fig. 8 Evolution of the oxide thickness as a function of aging time at

1100 �C
Fig. 9 Load sensitivity of crack propagation (LSCP) versus aging

time



YSZ and YSZ:Eu3? (2 mol.%) coatings after 100 h-800 h

exposure at 1100 �C under isothermal conditions were

investigated.

According to the interfacial toughness results, there is

statistically no difference between Eu-doped coatings and

undoped coatings regarding microstructural characteristics

and mechanical properties. For both types of coatings, the

indentation tests showed that the oxidation of the bond

coat, leading to an increase in the thermally grown oxide

(TGO) thickness, consistently resulted in a decrease of the

toughness of the interface between the bond coat and the

topcoat. Concomitantly, the coefficient of load sensitivity

of the crack propagation (LSCP), calculated as the slope of

the linear plots relating crack length to indentation force is

similar for both types of coatings and increases as the aging

time increases in relationship with the associated interfacial

degradation.

These results are explained by the following elements:

• The substitution of only 2 mol.% of Y3? by Eu3? ions,

also a stabilizing element for the t0 phase of ZrO2, does

not modify significantly the crystalline structure and the

mechanical properties of the YSZ topcoat (mainly

hardness and modulus of elasticity).

• The Eu3? ions do not diffuse into the TGO layer at the

interface and consequently do not alter the TGO growth

kinetics and morphology, which remain similar for both

types of coatings.

• The measured decrease in interfacial toughness and

increase in the coefficient of load sensitivity of the

crack propagation (LSCP) are mainly controlled by the

growth of the TGO layer, its morphology and its

structural defects.

As small Eu3? additions in substitution to Y3? in APS-

YSZ coatings have no influence on their interfacial

toughness, it is therefore concluded that this kind of doped

coatings are promising candidates for investigating and

monitoring damage using photoluminescence methods.

Work is in progress to check the feasibility and efficiency

of using Eu3? functionalization as a nondestructive testing

route to perform in situ real time monitoring of APS YSZ

TBCs and correlate luminescence signals to structural

damage occurrence and evolution (Ref 9-13). In the future,

the effect of such addition elements on other mechanical

properties (such as erosion for instance) will be checked.

Acknowledgments This work was financially supported by the

projects of Civil Aviation Authority Science and Technology Program

(MHRD20160106), Central University Basic Scientific Research

Operation Cost Special Fund of Civil Aviation University of China

(3122018D032). The support of the Ecole Doctorale – Aéronautique
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