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10 Years-Activities at Onera on Advanced

Thermal Barrier Coatings

eveloping thermal barrier coatings operating at higher temperature and/or for very

long durations (commercial aircraft applications) is one of the technological and
economic challenges for engine manufacturers. This includes the search for (i)low
thermal conductivity, high thermal stability and CMAS resistant ceramic top coats, and
(ii)alternative low cost bond coats with improved oxidation resistance and chemical
compatibility with the substrate. This paper reviews the rationale supporting the choice
of new materials for each layer and presents some recommendations to develop more
robust and more efficient systems with increased lifetime.

Introduction

Thermal barrier coatings (TBCs) have been used since the 70s to pro-
tect metallic parts in the hot sections of gas turbines. TBCs are mul-
tilayer systems including a thermal insulating porous ceramic layer,
mostly of 8 wt.% yttria partially stabilized zirconia 8YPSZ, deposited
on an alumina forming metallic bond coat in contact with the nickel-
based superalloy substrate. They are designed to improve engine
efficiency by prolonging the component lifetimes and/or increasing
gas temperature while reducing emissions and costs. Nevertheless
first generation TBCs turned out to be prone to rapid ageing and deg-
radation in service [1]. Demands for advanced thermal barrier sys-
tems with enhanced reliability and performance emerged in the early
1990s, especially for applications at higher operating temperatures
and/or for very long durations. This paper gives an overview of some
activities performed at Onera in this field during the past ten years,
with respect to the state-of-the art. It focuses on the development of
low thermal conductivity, high thermal stability and CMAS resistant
ceramic top coats and alternative low cost bond coats with improved
oxidation resistance and chemical compatibility with the substrate.

New Ceramic Coatings
Low thermal conductivity TBCs

Thermal conductivity at 1200°C of the current state-of-the-art 8YPSZ
top coat is typically 1.5 to 1.8 W.m"'.K" for EB-PVD coatings with
columnar porosity (blades and vanes applications) and 0.8 to 1.0
W.m".K" for lamellar porosity structured plasma sprayed coatings
(combustors and non-rotating or large component applications).
Reducing these values to 30-40 % -all other parameters being kept
constant- could ensure significant benefits regarding turbine entry
temperature, metal substrate temperature, component life duration,
cooling rate and specific fuel consumption [2]. Thus increasing the
thermal barrier coating insulation capability emerged as a real techni-
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cal and economic challenge for engine designers and manufacturers
and has been widely documented and patented since the end of the
90s [3,4].

The thermal conductivity of a porous layer depends on the intrinsic
thermal conductivity of the bulk material, which is linked with its com-
position and its structure, and on the architecture of the porous struc-
ture, i.e. pore volume fraction, geometry and distribution. Thus, low-
ering the thermal conductivity of the ceramic layer can be achieved
by engineering chemical composition and/or coating microstructure.

Influence of chemical composition

Dense zirconia based materials already exhibit low thermal conductivity
(2 =3 Wm' K" at 1200°C) which is governed by phonon-phonon
and phonon-point defect interactions. In partially and fully stabilized
zirconia systems, the point defects acting as phonon scatter centers
are stabilizing substitution ions and associated oxygen vacancies [9].
It has been shown [6] that the thermal conductivity of single crystal
yttria doped zirconia at room temperature is a decreasing function of
the yttria content (i.e. of the defect concentration) at least for relatively
low stabilizer contents. Beyond a composition corresponding
approximately to 20YFSZ the thermal conductivity increases again,
although more slowly [7]. This latter effect was attributed to a short
range ordering of the point defects, in particular of the oxygen
vacancies [8].

Further thermal conductivity decrease may be achieved with
stabilizers having different atomic mass and/or ionic radius. A
semi-empirical model based on solid state physics considerations
regarding heat conduction mechanisms in disordered oxide ceramics
has been developed [9] for calculating the thermal conductivity of
zirconia based materials doped with trivalent and pentavalent metallic
ions as a function of composition, defect content and temperature.
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Thus, replacing yttrium by different rare earth elements such as
Dy, Yb or Sm causes the thermal conductivity of partially and fully
stabilized zirconia to decrease. It appears that the distortion effect
linked with the difference in ionic radius is predominant over the
mass effect. Furthermore it has been shown that additional doping
of yttria or other rare earth partially or fully stabilized zirconia with
wisely chosen amounts of Nb or Ta can significantly lower the
thermal conductivity. This semi-empirical approach served as a
guideline for preparing dense zirconia based new materials, showing
that significant decrease in thermal conductivity (up to 40%) can be
achieved, compared to the standard 8YPSZ [9]. Similar conclusions
on multiple doping of zirconia ceramics have been obtained in many
publications and patents during the past decade [3,4,10,11].

To go beyond this approach, a more physically based model has
been developed with reliable descriptions of the fine microstructure
via Monte Carlo simulations and non equilibrium molecular dynamic
calculations of the thermal conductivity [8]. This method has first
been validated for the ytiria-zirconia system. Calculations showed
a rather good agreement with experimental data, in particular
concerning the trends as a function of temperature and yttria content
[12]. In a second approach the molecular dynamic methodology
has been successfully applied on more complex structures, such
as pyrochlores (rare earth zirconates or hafnates) and perovskites
[13]. Resulting calculated thermal conductivities turned out to be in
good agreement with calculated values of minimum conductivity [3]
and experimental data from the literature [14,15,16]. In particular
calculations performed on several perovskite structure candidates
led to the selection of the high melting hexagonal ordered BMT —
Ba(Mg,,Ta, )0, - which showed a particular low thermal conductivity
(1.4 W.m.K" at 1200°C) associated with a high thermal expansion
coefficient (9.10% K' between 200 and 1200°C). These calculated
predictions tallied with published results [17,18] and were confirmed
experimentally on dense BMT synthesized through a solid state route
[13,19].

Besides this work on dense materials, alternative compositions
deposited by plasma spraying, EB-PVD or PE-CVD [Box 1] have
been tested within national or international projects * 23 4 simple
binary tetragonal or cubic zirconia based coatings [20,21], ternary
zirconia systems [22], ceramics with more complex crystallographic
structures like pyrochlores [23],... Thermal conductivity as low as
half the thermal conductivity of standard 8YPSZ with similar porosity
could be achieved for a given coating process [24].

Influence of porous architecture

Another efficient way to decrease the thermal conductivity of a mate-
rial is to introduce microstructural defects such as pores, voids, mi-
crocracks which constitute obstacles against the through-thickness
heat transfer. This approach turned out to be very fruitful in case of
plasma sprayed coatings by use of specially designed feedstock pow-
ders and/or by control of spray parameters'. In the case of EB-PVD

or PE-CVD coatings [25] a gain in thermal insulation has also been
obtained with particular columnar architectures although smaller than
the one achieved with optimized chemical composition'.

Several methods can be found in the literature which attempt to esti-
mate the thermal conductivity of porous materials as a function of mi-
crostructural features. Analytical calculations are mostly derived from
the earliest electrical models of Maxwell (1898) and Eucken (1932)
and are based on a restricted geometrical description of the porosity.
Although these models might be relevant for describing trends in par-
ticular materials, the oversimplifying assumptions they rely on, sin-
gularly restrict their predictive capacity in the case of more complex
interconnected porous structures, such as those observed in EB-PVD
or plasma sprayed coatings, even if they have been widely used in
the latter case [26].

Numerical approaches involving a representation of the actual micro-
structure are more promising. Finite element methods® turned out to
be very costly in terms of meshing and memory storage as far as very
small porous features are concerned (inter-lamellar voids in plasma
sprayed coatings or intra-columnar porosity in EB-PVD coatings as
small as 0.1 um). An alternative approach based on a finite differ-
ence method has been developed at Onera [27] using no meshing but
digitized micrographs of real coating cross sections as input for the
thermal conductivity calculation [Box 2]. Several applications on ther-
mal barrier coatings -mainly plasma sprayed ones- have illustrated
the possibilities of this approach in its 2-dimensionnal (2D) version
[28], such as:

« estimating the contribution of each morphological feature to the
thermal conductivity and their role in its evolution as a result of heat
treatments (sintering), thus providing a guideline for engine manufac-
turers for designing more efficient coatings with optimized thermal
properties

« determining the various thermal conductivity components of an
anisotropic coating and assessing the effective thermal conductivity
in the case of multiphase or multilayer materials possibly with ther-
mal boundary resistances

* evaluating the thermal conductivity of materials in conditions
where experiments may be very difficult to carry out, i.e. at high pres-
sure and/or high temperature.

In order to improve the reliability of the FDM calculation, which de-
pends strongly on the representativeness of the input images of the
microstructure, a 3-dimensional (3D) extension of this approach has
been developed [Box 2]. Such application to thermal barrier coatings
is still difficult due to poor reliable high resolution 3D representations
of such coatings although new techniques such as FIB sectioning or
nano computer tomography should make it possible in a near future.

' European project HITS: High Insulation Thermal barrier coating Systems,
40 FWP (1997-2002)

2 European project TBC+: New Increased Temperature Capability Thermal
Barrier Coatings, 5™ FWP (2001-2006)

3EU-US Project HIPERCOAT: Science of High Performance Multifunctional
High Temperature Coatings (2002-2005)
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4 European project TOPPCOAT: TOwards design and Processing of advanced,
comPetitive thermal barrier COATing systems 6" FP (2006-2010)

5 00F (http://www.ctms.nist.gov/oof): Object Oriented Fine Element Modelling
in Materials Science
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Box 1 - Plasma Enhanced CVD
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Figure B1-01 — PE-CVD equipment sketch

Coating characteristics
e Columnar structure, similar to EB-PVD

» Complex composition (up to three different oxides),
providing available precursors

* Goating on complex shape component
(Low line-of-sight process)

* Single or multilayer
* Total cost mostly depends on precursors

Some deposited compositions : 8YPSZ, 20YFSZ,
Nd,0, doped zirconia, Hf0,, La,Gd-garnet, alumina,...
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erospace

Equipment characteristics
Gas flow
e coating oxygen stoichiometry
* coating thickness homogeneity
Evaporation or sublimation temperature (100 to 250 °C)
* coating rate (YPSZ: 50 to 250 umy/h)
e coating composition

Deposition temperature (300 to 1000 °C)
* coating porosity (YPSZ: 20 to 50 %)

Precursors (chloride or organo-metallic powders)
e coating composition
Two Onera facilities
Laboratory reactor: coatings on planar substrates (3 cm?)

Pre-industrial reactor: coatings on turbine blade or vane (50 cm?)

Example

Figure B1-02 — PE-CVD coating microstructure (Zr0,+12 mol.% Nd,0,)
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Box 2 - FDM calculation of thermal conductivity

2D calculation («TBCTOOL~» code): principle
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Figure B2-04 — Qutput data:

- Effective thermal conductivity
tensor

- Temperature, heat flux,
thermal gradient maps

Figure B2-03 — Numerical scheme:
resolution of heat equation for each

Figure B2-02 — Input data:

- Threshold binary image

- Thermal conductivity
(K) of the matrix

- Kgas inside the pores

Figure B2-01 — SEM-BSE
image of coating cross section
(plasma sprayed TBC)

Validation: comparison with FEM calculation

Some tests were done on EB-PVD coating morphologies in order to compare the solutions produced by the Onera TBCTOOL FDM-code
and the OOF FEM-code developed at NIST [29]. Due to the very large requirement in memory storage the latter approach was not able to
compute directly the conductivity of 1024 x 1024 pixels fields and input images had to be decomposed into slices. The two codes gave
close results despite the difference in the computational methods and in the method used to handle boundary conditions.

EB-PVD Measured K -TBCTOOL K-O0F Porosity
TBC n° conductivity K whole image 4 vertical slices [%]
[Wm K] [Wm' K" ] [Wmn K]
AW A 1 0.78 0.53 0.59 17
L HE A 2 0.77 0.52 0.54 22
\ \ i 3 0.61 0.33 0.41 27
AL ',‘1"‘ A
iR 'W
j [ 11111 “ ‘w)h/i \‘( ‘i‘rlIIH i \“

il
Figure B2-05 — Threshold binary image of EB-PVD
TBC cross section

H|[

2D calculation limits:

Table B2-1 — Measured and calculated (FDM and FEM) thermal conductivity of three
different low-thermal conductivity EB-PVD coating microstructures

The reliability of the FDM calculation highly depends on the representativeness of the input images of the microstructure. Plasma
sprayed coatings microstructures are generally quite well described with 2D images whereas a 2D approach is of poor relevance for
strongly anisotropic EB-PVD coatings. This mainly explains the discrepancies observed between computed and measured values (see

table B2-1).
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3D calculation (extended “pprop2D”)

A more accurate and competitive 2D-code “uprop2D” has been developed using better FDM schemes, different boundary conditions
types and an efficient method of storage for the matrix coefficients so that conductivity of fields as large as 5000 x 3400 pixels could
be calculated on a 512 Mb computer.

Then the method was extended to three-dimensional fields. The following results have been computed on a 2Gb memory computer
(AMD Athlon 1500) with a time cost of 4h50min for phase conductivity ratio of 0.01. The morphological data (512x512x388 voxels)
came from the reconstruction of SEM images of serial slices of an EB-PVD coating.

0.5365 —-0.01959  0.004
K ={-0.01959 0.5693  —0.0003
0.004 —0.0003 0.8013

Computed thermal conductivity tensor
considering periodic boundary conditions
and a phase conductivity ratio of 0.01

Figure B2-06 — Reconstructed
EB-PBD coating morphology

Figure B2-07 — Calculed heat flux  Figure B2-08 — Calculed temperature

Some limitations of the 3D calculation

The large volumes of data to be handled may exceed the capacities of an individual ordinary computer. A parallel version of the code
should overcome this limitation. Actually it has been demonstrated (EU-US Project HIPERCOAT) that a 1Gvoxels (1024x1024x1024)
Laplace problem could be solved on 4x3Gb memory cluster. At the present time a quite common quad core computer with 16Gb of
RAM can be used.

Obtaining 3D representations of thermal barrier coatings with suitable resolution and in a reasonable time is still a problem. A 3D volume
reconstructed from a series of cross-sections SEM images of an EB-PVD coating has been done once but the method to acquire such
images is tricky and time-consuming and can not be widespread. New 3D characterization techniques should provide some solutions.

Additional requirements for the ceramic top coat

TBC long-term stability during service may be of concern, especially
with low thermal conductivity coatings as the outer surface tempera-
ture is highest or for very long durations, as encountered in com-
mercial aircraft applications. Two main issues are (i) possible phase
transformations and (ii) sintering resulting in reduced thermal insula-
tion capability and strain compliance, with TBC system degradation
as a consequence [1].

Some low thermal conductivity compositions previously mentioned
such as fully stabilized zirconia or zirconates allow the first issue to be
avoided. However most of them have to be used as outer layer depos-
ited on an inner layer of 8YPSZ 6.7, Actually it is now well established
although not yet entirely explained [30] that the longest lifetimes of
TBC systems are obtained with 8YPSZ or at least with non transform-
able t’ structured compositions.

6 European project HITS: High Insulation Thermal barrier coating Systems
7 European project TBC+: New Increased Temperature Capability Thermal
Barrier Coatings
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Densification of TBCs is a complex phenomenon on account of the
constraint imposed by the metallic substrate and the external applied
thermomechanical conditions. It depends on the coating microstruc-
ture and to a minor extent on its composition. Surface energy is the
driving force for sintering and the dominant mechanism at operating
temperatures (< 1300 °C) is likely to be surface diffusion. An original
method [31] has been adapted at Onera [19] for determining surface
diffusion coefficients from grain boundary thermal grooving estimat-
ed from atomic force microscopy experiments (Box 3). It appears
that some new low thermal conductivity compositions (particularly
in the rare earth—zirconia system) are more sintering resistant than
standard 8YPSZ.

Currently most research activities regarding top coat compositions
are related to an even more critical issue for TBC lifetime, i.e. TBC
degradation by CMAS attack.
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Box 3 - Surface diffusion coefficient estimation from AFM profile of thermally grooved grain boundaries
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Figure B3-02 —

+ Mean experimental profile of a given grain boundary extracted from
AFM image at given (Temperature, time)

— Fit (Matlab) with Mullins equation for surface diffusion

[W.W. Mullins — Theory of thermal grooving. J. Appl. Phys., 28 (1957)
333-339]

—> output data: surface diffusion coefficient and grain boundary
equilibrium angle at given (Tt)

— 6h
— 12h
— 24h

48 h
— 96h

Altitude (nm

-20

-30

-40
-1000 -500 0 500 1000
Distance (nm)

Figure B3-03 — Evolution of the profile (fitted) of the same grain boundary
for different annealing times at 1300 °C.

— output data: surface diffusion coefficient as a function of tempera-
ture (activation energy of surface diffusion)

Some experimental surface diffusion coefficients obtained at 1300 °C [m2.s"]: 4.10-" for 20YPSZ, 4.10-"¢ for
dysprosia fully stabilized zirconia and 4.10""* for hexagonal ordered BMT — Ba(Mg, ,Ta, )0, perovskite [19].

CMAS resistant coatings

Investigations on blades removed from service in the early 2000s
showed that thermal barrier coatings are susceptible to degradation
by molten calcium-magnesium-alumino-silicates (CMAS) result-
ing from the ingestion of siliceous mineral debris (dust, sand, ash)
contained in the hot gases arriving in the turbine. Since then various
solutions to the problem of CMAS degradation have been attempted.
All of them consisted in depositing a protective coating on the surface
of thermal barrier coating. Early solutions, most of them published
in patents, were divided into three types: impermeable, sacrificial or
non-wetting coatings [32,33,34]:

* The impermeable barrier is able to inhibit the infiltration of mol-
ten CMAS. It consists in a dense, non-cracked and non porous ce-
ramic or metal outer layer [33]. Examples of such coatings are Pd,
Pd-Ag, Pt, SiC, Si0,, Sc,0,, Si0,C,, Ta,0,, MgAl,0,, and GazrQ,.

Aerospacelab

« The sacrificial coating reacts with CMAS to increase the melt-
ing temperature or viscosity of the contaminants thereby inhibiting
infiltration [32,33,35,36,37]. Examples are silica, scandia, alumina,
chromia, magnesia or calcia layers or alumina particles embedded in
a silica matrix.

* The non-wetting outer layer minimizes contact between underly-
ing layers and the molten contaminants. Non-wetting coatings men-
tioned as especially effective are noble metals as Pd, Pt, Pd-Ag alloy,
AN, BN, SiC, MoSi,, Si0,, ZrSi0,, Si0C [34].

Other solutions, such as an aluminum phosphate layer [38] or Ta,0,
layer [39] are also proposed in the patent literature. Though there are
a large number of identified protective coating compositions, none of
them seems to be effective enough, especially with increasing operat-
ing temperatures.
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More recently, as a result of studies on low thermal conductivity TBCs
(see § Low thermal conductivity TBCs) a solution has been patented
consisting in a two layer system [40]. The inner layer is a stabilized
zirconia layer such as 8YPSZ and the outer layer, a CMAS resistant
zirconia based material doped with an effective amount of rare earth
oxides such as Gd, La, Eu, Sm, Nd-oxides. The base material can also
be a zirconate X,Zr,0, (pyrochlore structure) where X is a rare earth
element. In the open literature, Krdmer [41] has shown that a layer of
gadolinium zirconate Gd,Zr,0, is effective to arrest CMAS infiltration.
Indeed, the high temperature reaction between CMAS and gadolinium
zirconate produces a dense crystalline layer consisting of an apatite
phase Gd,Ca,(Si0,),0, and fluorite Zr0, (with Gd and Ca in solid solu-
tion) which rapidly fills the intercolumnar gaps of EB-PVD top coat.

The studies conducted at Onera have investigated the interaction be-
tween CMAS and a ceramic from the Zr0,-Nd,0, system. The ex-
perimental approach adopted was to simulate the CMAS corrosion at
laboratory scale, under controlled conditions, using a model synthetic
CMAS. Dense materials have been used or EB-PVD coatings depos-
ited on an alumina substrate. Some results are presented below.

Synthetic CMAS interaction with standard 8YPSZ EB-PVD coatings

The first work has consisted in trying to reproduce, in laboratory,
the interaction observed between CMAS and 8YPSZ TBC on a high
pressure turbine blade removed from service [1]. The model CMAS
composition 61.5Si0,-15A1,0,-23.5Ca0 (wt.%) is the lowest melt-
ing eutectic (1170 °C) in the ternary (Ca0-Al,0,-Si0,) system. It has
been selected on the base of a melting temperature compatible with
real thermal barrier surface temperature (=1200 °C). In a first ap-
proach, the effect of Fe or Ti has not been taken into account as
Kramer did [42] whose synthetic CMAS composition is 33.2Ca0-
6.5Mg0-11.8A1,0,-48.5Si0, (wt.%).

The CMAS was prepared by mixing fine powders of the individual ox-
ides and carbonates in de-ionized water, then drying and smelting in a
Pt crucible at 1250 °C during 20 hours under air to achieve a homoge-
nized melt. After quenching in water, a transparent and homogeneous
glass was obtained which was then crushed in a mortar/pestle for ob-
taining fine glass powders. In order to study CMAS/TBC interaction,
the glass-CMAS powders were deposited at the surface of the TBC
specimens (30 mg/cm?) and the CMAS-covered specimens were
heat-treated at 1200 °C in air for 4 hours and finally quenched in air.

Figure 1 shows a cross-section SEM image of the TBC specimen
which has been exposed to the model CMAS at 1200 °C for 4 hours
and the corresponding elemental maps of Ca (Ko line). It can be seen
that model CMAS completely infiltrates the TBC intercolumnar gaps
down to the alumina substrate.

A higher magnification of the upper interaction zone between model
CMAS and TBC (figure 2) shows that TBC columns have been at-
tacked by CMAS especially in the periphery (column tips and feathery
porosity) resulting in their morphology degradation. Two new crystal-
line phases are observed at the interface between TBC and CMAS and
in the intercolumnar gaps. These new phases have been identified by
XRD and EBSD respectively as Ca,ZrSi,0,, and CaAlLSi,0, (needle-
like morphology anorthite). Moreover EDS analysis reveals that the
CMAS is enriched with minor amounts (< 1 atom %) of Zr and Y. The
enrichment is still observed far from the TBC/CMAS interface. This
analysis is consistent with the hypothesis of a dissolution solution of
the TBC in the molten CMAS.

From these results, it can be seen that the model system gives very
good replication of the CMAS corrosion observed on ex-service
blades in terms of thermochemical interaction: TBC infiltration, TBC
dissolution in the CMAS melt and formation of new crystalline phases.

Figure 1 — 8YPSZ EB-PVD top coat infiltrated by synthetic CMAS: SEM image (top) and corresponding elemental map of Ca (Ko line) (bottom).

New phases

CMAS+Zr,Y

Cazrsi,0,,

Figure 2 — Reaction zone between synthetic CMAS and TBC after 4 hours at 1200 °C (SEM-BSE image).
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Synthetic CMAS interaction with dense ceramics

In a second part, dense ceramic materials have been prepared
from pre-alloyed powders by cold isostatic pressing followed by
high temperature densification. Two compositions where chosen:
2r0,+12 mol.% Nd,0, and Nd,Zr,0, (pyrochlore structure) in order
to test their resistance to CMAS infiltration. Dense Zr0,+10 mol.%
Y,0, was also prepared as a reference for the Zr0,-Y,0, system.
This composition has been preferred to standard Zr0,+4.5 mol. %
(or 8 wt. %) Y,0, as it allows a unique cubic stable phase whatever
the heat treatment applied.

After interaction of the yttria doped zirconia dense specimen with the
synthetic CMAS at 1200 °C for 4 hours it appears that the CMAS
penetration into the dense ceramic is limited to a few micrometers
(figure 3). The top region of the ceramic is attacked resulting in the
dissolution of yttria doped zirconia into the CMAS associated with the
formation of the crystalline phase Ca,ZrSi,0,,. EDS semi-quantitative
analysis reveals that the attacked ceramic surface (figure 3 - right)
has a lower ratio Y/Zr than the bulk, indicating that a depletion of yttria
took place during the interaction of ZrQ,+10 mol.% Y,0, with CMAS.

CMAS+Zr,Y
Ca,ZrSi,0,,

Thus the result of the interaction between CMAS and the dense ce-
ramic is the same as for 8YPSZ EB-PVD coating.

Synthetic CMAS interaction with Zr0,+12 mol.% Nd,0, and Nd,Zr,0,
at 1200 °C for 1 hour presents some similarities with the one ob-
served with Zr0,+10 mol.% Y,0,, i.e. dissolution of the ceramic in
the CMAS, formation of Ca,ZrSi,0,, in the ceramic top region and
depletion of Nd,0, in the attacked ceramic. But a major difference
is observed. A dense layer appears (figure 4) between the ceramic
grains depleted in Nd,0, and the bulk ceramic. EDS analysis reveals
that this layer is mainly constituted of (Zr, Nd, Ca, Si) oxide, suggest-
ing that it is also a reaction product between molten CMAS and the
ceramic.

The thickness of this reaction layer increases with the duration of the
heat-treatment as seen on figure 5 left for a 25 hours treatment at
1200 °C. At a higher magnification (figure 5 right), the observation
of different contrasts in BSE imaging mode indicates that the dense
reaction layer is constituted of two interconnected phases. Due to the
small size of these phases XRD and transmission electron micros-
copy should be performed in further work in order to determine the
dense layer composition.

Y,0, depleted ceramic

Figure 3 — Reaction zone between synthetic CMAS and dense Zr0,+10 mol.% Y,0, after 4 hours at 1200 °C; cross-section SEM micrographs (overview (left),

detail (right)).

ZrO,+Nd(<1at.%)

Dense layer (Zr,Nd,Ca,Si,0)

CMAS+Zr,Nd
ZrO,+Nd(s1at.%)

2um Dense layer (Zr,Nd,Ca,Si,0) 2um
Figure 4 — Reaction zone between synthetic CMAS and dense ceramic after 1 hour at 1200 °C: Zr0,+12 mol.% Nd,0, (left), Nd,Zr,0, (right).
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Dense tayer (Zr,Nd,Ca,Si,0)

Figure 5 — Reaction zone between synthetic CMAS and Nd,Zr,0, after 25 hours at 1200 °C: overview (left), higher magnification (right).

Synthetic CMAS interaction with a new composition EB-PVD
coating

Finally, the thermochemical interaction between a (La,Nd),Zr,0,
EB-PVD coating® and the model CMAS has been investigated. After
1 hour at 1200 °C (figure 6 left), the microstructure of the reaction
zone between CMAS and ceramic is quite different from the one ob-
served with 8YPSZ EB-PVD coating and very similar to the one ob-
tained with dense Nd,Zr,0,. The great difference with 8YPSZ EB-PVD
coating is that the model CMAS infiltrated the intracolumnar porosity
and the intercolumnar gaps only to a depth <20um below the original
(La,Nd),Zr,0, surface. No evidence of CMAS was found in the rest
of the ceramic. Moreover the result of the interaction between the
infiltrated CMAS and the ceramic is a dense reaction layer, similar to
that observed with the dense Nd,Zr,0, ceramic. EDS analysis reveals
that this layer is mainly constituted of (Zr, La, Nd, Ca, Si) oxide. These
results suggest that this dense reaction layer, by rapidly filling the
ceramic intercolumnar gaps, is responsible for the CMAS infiltration
arrest. The same inhibition of CMAS infiltration is still observed after

Dense reaction layer

E <\ %’ﬁl ‘54 --
o ‘2
S U WLAA

Figure 6 — Reaction zone between synthetic CMAS and (La,Nd),Zr,0, EB-PVD coating after 1 hour at 1200 °C (left), after 16 hours at 1200 °C (right).

9By courtesy of the German Aerospace Center (DLR) — Cologne, within the EU project
TBC+ [23]
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16 hours at 1200 °C (figure 6 right). These results are in agreement
with those obtained by Krdmer [41] with the gadolinium zirconate
Gd,Zr,0,.

As a summary, this work has shown that it is possible to reproduce in
laboratory, using a synthetic CMAS, the CMAS corrosion observed on
the TBC of a high pressure turbine blade removed from service. The
use of dense ceramics in order to test TBG compositions resistant
to CMAS has also been validated. Concerning prevention of CMAS
infiltration, it seems that Zr0,+12 mol.% Nd,0, and Nd,Zr,0, could be
effective to mitigate the CMAS penetration by the rapid formation of a
dense reaction layer in the intercolumnar gaps and the intracolumnar
porosity of a EB-PVD TBC. Future work will be devoted to elaborate
PE-CVD columnar zirconia coatings containing different amounts of
Nd,0, (including the zirconate Nd,Zr,0,) in order to confirm their abil-
ity to arrest CMAS infiltration. Other rare earth doped zirconia coat-
ings will be tried, first using dense ceramics, then PE-CVD coatings,
in order to compare their behavior and to select the most effective
composition for the mitigation of CMAS infiltration.

Dense reaction layer
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Alternative bond coats

The search for alternative bond coats to standard platinum modified
aluminide is motivated by :
* increasing the adherence of the thermally grown protective
alumina scale,
* reducing interdiffusion phenomena between the bond coat and
the substrate,
* avoiding phase transitions such as martensite formation,
* increasing creep resistance, in order to minimize surface rum-
pling and consequently extend the system lifetime,
e reducing the costs.

Zr-doped nickel aluminide

As the addition of reactive elements can have a significant effect on
the oxidation behavior of alumina-forming alloys [43], a thermo-
chemical Zr-doping process was developed at Onera [44,45] in order
to design Zr-doped NiAl as a bond coat in TBC systems. This non-
directional process is well suited for the complex shapes of turbines
blades. Moreover there is no need for an electrolytic stage and ad-
ditionally the use of zirconium instead of platinum decreases the cost
of the process.

In this alternative process, zirconium is provided by the ZrOCl,,8H,0
activator (Box 4). The process leads to the co-deposition of Al and
Zr on the nickel-base superalloy. Glow discharge mass spectros-
copy (GDMS) profile and multi-spectral X-ray maps indicate that
zirconium is located far below the coating surface, at the interface
between the B—NiAl coating and the interdiffusion zone (figure 7).
Total zirconium concentration (reported to the coating volume) may
be evaluated to around 400 at. ppm. The zirconium peak localization
at the interface indicates that Zr deposition occurs at the beginning
of the vapor phase aluminizing deposition process in agreement with
the thermodynamic analysis (HSC Chemistry®). Indeed results from
these calculations suggest that Zr deposition mainly occurs at low

% at Zr
Surf Spectral
vace Cartography 00 02 04
NiAl @Zr) 10
o o e 20 Zr
30
_ 40
10 um pum
l superalloy GDMS Profile

Figure 7 - Zr distribution through alternative Zr-doped aluminide bond coat.

9 AM1 composition [wt. %] : Ni base, 6.5 Co, 7.8 Cr, 2 Mo, 5.7 W, 5.2 A, 1.1 Ti, 7.9 Ta
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temperatures (~600 °C). At higher temperatures (~1100 °C) deposi-
tion of Al prevails.

Cyclic and isothermal oxidation tests performed at 1100°C showed
that adding hundreds of atomic ppm of Zr reactive element in the
nickel aluminide improves the adhesion of the alumina scale on the
NiAl bond coat [46]. Actually NiAl(Zr) coatings deposited on AM1°
nickel-based single crystal superalloy presents an oxidation resis-
tance much higher than that of undoped NiAl and comparable to that
of NiPtAl coating (Figure 8). The spalled areas revealed the presence
of numerous cavities at the metal/oxide interface on AM1/NiAl sample
whereas such cavities were never observed on AM1/NiAl(Zr) sample.
This absence of voiding in the presence of zirconium is expected to
improve thermally grown alumina adhesion on the nickel aluminid.

Isothermal oxidation tests show also that the transient regime of
0-alumina growth lasts shorter with zirconium. Zirconium essentially
modifies the transition between the two regimes 0 and o but it does
not modify the stationary regime of o-alumina growth. However it
clearly influences the initial stages of oxide growth and accelerates
the transition between the transient and the stationary regimes.

Specific studies using ToF-SIMS experiments show that zirconium,
initially located at the interface between the B—NiAl coating and the
interdiffusion zone, migrates during oxidation towards the surface
leading to a homogeneous depth distribution of zirconium within the
whole oxide layer. Zirconium inhibits the formation of cavities at the
coating/oxide interface and this could explain the improved spalling
resistance observed during cyclic oxidations. This absence of cavities
could be due to a shorter transient oxidation, characterized by cation-
ic growth, for NiAl(Zr) coatings, that would prevent cavities growth.

Mass variation [mg. cm ]
5

AM1/NIAL Zr

5 | AM1/NiAIZr
10 1 AM1/NIAI
-15
0
-20 | 0 100 » 200
25 | -0.5
-30 1
0 500 1000 1500 2000

Number of 1 hour -cycles at 1100 °C

Figure 8 - Cyclic oxidation resistance of different nickel aluminide coatings
deposited on AM1 nickel-based single crystal superalloy [47].
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Box 4 - Zirconium-doped aluminization

The components to be coated are located in a sealed or semi-sealed retort above a mixture composed of a low aluminum activity cement
(A'30 wt.% Cr 70 wt.%) and a small percentage (from 0.1 to 0.5 wt.%) of a zirconium precursor (ZrOCl,, 8 H,0) [44,45]. The entire
apparatus is placed inside a furnace and heated in a hydrogen atmosphere at high temperature. The duration of the treatment depends

on the temperature.

l H,, 1100 °C

2r0C1,,8H,0
B activator
Cr-Al

Application of NiAl(Zr) as a TBC bond coat

As mentioned above, the NiAl(Zr) coating is as suitable as the NiPtAl
one, when considering cyclic oxidation of aluminized AM1 single
crystal superalloy. Consequently, both the standard system AM1/
NiPtAI/8YPSZ EB-PVD and the alternative AM1/NiAl(Zr)/8YPSZ
EB-PVD one have been studied at Onera [47]. Both systems turned
out to have quite similar lifetime although the critical microstructural
degradations were found to be different (figure 9). The main mecha-
nisms responsible for the standard TBC system failure are rumpling
(increasing interfacial roughness induced by out-of-plane stresses)
and formation of large cavities related to the oxidation of the bond
coat. As a result local decohesions cleavages arise and interfacial
cracks propagate along the TGO/top coat or bond coat interface, and
possibly through the TGO itself. On the contrary, no interfacial cavities
are detected in the case of the NiAl(Zr) bond coat, and its topographi-
cal evolution is appreciably less marked so that the top coat and the
TGO spall off together. The less pronounced bond coat deformation
is probably due to an enhanced yield stress in the case of Zr-doped
nickel aluminide and a low propensity towards martensite NiAl (L10)
phase formation. Besides, because the TGO/NiAl(Zr) bond coat inter-
face remains rather smooth, the residual in-plane compressive stress
level within the TGO is about 1 GPa higher compared to the standard
case [47], which is consistent with the well known effect for Zr to
increase the creep strength of alumina.

Xig! \

Gas-gas reactions

2r0Cl, + Y2 H,0— V2 Zr,0,Cl, + HCI

Zr,0,0l, > 2 ZrCl, | +°>2r0, zirconium chloride formation
Al + HCI ) — AICI ) + "2 H,  aluminum chloride formation
AICl,, + 2 Al - 3 AICI

Gas-surface reactions

AICl , + surface — %5 Al + '/; AlCI, , aluminum deposit

ZCl,, + 2 AlCl ) + surface — 2 AlCI,, + Zr zirconium deposit

As a conclusion, the NiAl(Zr) bond coat developed at Onera seems to
be a good candidate for less expensive thermal barrier coating sys-
tems with operational performance comparable to that obtained with
NiPtAl bond coat standard system.

Diffusion barriers

In thermal barrier systems exposed at high temperature interdiffu-
sion phenomena occur between the Ni-base superalloy and the nickel
aluminide protective coating, which can have fatal consequences for
the life duration of the system. Firstly, interdiffusion increases the ex-
tent of Al depletion in the coating, which leads to the acceleration
of the B — NiAl — +-Ni,Al transformation and to the formation of
non-protective oxide scales. Secondly, particular elements from the
superalloy diffuse through the aluminide bond coat up to the ther-
mally grown oxide and some have detrimental effects on the oxide
scale adhesion. Finally, for coated third or fourth generation Ni-based
superalloys, interdiffusion may lead to the formation of detrimental
and fast growing secondary reaction zones (SRZ) [48]. In these SRZ,
discontinuous precipitation transforms the single crystal y/y’ superal-
loy into a weaker polycrystal composed of y and TCP phases (o, p or
P) in ay’ matrix. These zones may degrade the mechanical properties
of the system by reducing its load bearing section.

NiPtAl

top coat

Figure 9 - Interfacial topography after 50 1h-cycles at 1100 °C (AM1/NiPtAI/8YPSZ and AM1/NiAl(Zr)/8YPSZ systems)
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Figure 10 - Principle of a NiW(Cr) diffusion barrier formation after ref [53]

To limit interdiffusion phenomena between the Ni-based superalloy
and its protective coating, some authors have introduced diffusion
barriers (DB) [49,50]. Onera has developed [51] such diffusion barri-
ers, which were based on a Ni-W electrolytic coating and composed
of a dense precipitation of a-W phases after a thermal treatment
under vacuum (simple DB) [52,53] or a vapor phase chromization
(Cr enriched DB) [55]. These diffusion barriers have been tested un-
der a classical nickel aluminide coating (Pt modified or Zr doped)
(figure 10).

Chemical composition measurements (with EDS spectral maps)
coupled with the “p-Kp” modeling [54] of the cyclic oxidation kinet-
ics, and the development of the model “p-Kp-B” at Onera [55] have
permitted study of the efficiency of the diffusion barrier as a function
of its composition and its ageing at high temperature (figure 11). Iso-
thermal thermogravimetric analysis showed that both as-processed
systems without and with NiW diffusion barrier (but without any ther-
mal barrier coating) exhibit similar oxidation kinetics and final mass
gains [52].

Finally it has been proved [53] that diffusion barrier modifies the SRZ

initiation but not their propagation kinetic, which only depends on the
superalloy local composition.
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Figure 11 - Efficiency of the diffusion barrier (nickel based superalloy MC-
NG'%/simpleDB/NiPtAl system). Repartition of Al content after oxidation at
1100°C (one hour-cycle); after ref [55].

Conclusion

The strong demand from engine manufacturers for improving turbine
performance at higher temperature and/or for very long durations
has led since the end of the 90s to the development of advanced
thermal barrier systems. Onera activities in this field have concerned
materials, mechanical and modeling aspects. New compositions and
microstructures for a low thermal conductivity, high thermal stability
ceramic top coat have been proposed on the basis of thermal con-
ductivity calculations and modeling. Today the search for protective
coatings against environment and especially CMAS attack is a prior-
ity. Moreover alternative low cost bond coats with improved oxidation
resistance and chemical compatibility with the substrate have been
developed. Further work will concern the modification of superalloy
compositions as recent results proved their strong influence on the
TBC system lifetime, through induced changes in the chemical and
mechanical properties of the bond coat Il

The authors are grateful to the French Ministry of Defense and the European Commission for partial funding of this work. The authors would like to thank D.
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themes in the Metallic Materials and Structure department
focus on the damage and life modeling of TBCs, and the coa-
ting by design approach.
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from the Ecole Supérieure de Physique et Chimie Industrielles
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