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Failure of Physical Vapor Deposition/

Plasma-Sprayed Thermal Barrier
Coatings during Thermal Cycling

V. Teixeira, M. Andritschky, H. Gruhn, W. Malléner, H.P. Buchkremer, and D. Stéver
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(Submitted 1 August 1996; in revised form 1 January 2000)

ZrO 7 wt.% Y,0; plasma-sprayed (PS) coatings were applied on high-temperature Ni-based alloys
precoated by physical vapor deposition with a thin, dense, stabilized zirconia coating (PVD bond coat). The
PS coatings were applied by atmospheric plasma spraying (APS) and inert gas plasma spraying (IPS) at
2 bar for different substrate temperatures. The thermal barrier coatings (TBCs) were tested by furnace
isothermal cycling and flame thermal cycling at maximum temperatures between 1000 and 118D. The
temperature gradients within the duplex PVD/PS thermal barrier coatings during the thermal cycling
process were modeled using an unsteady heat transfer program. This modeling enables calculation of the
transient thermal strains and stresses, which contributes to a better understanding of the failure mechanisms
of the TBC during thermal cycling. The adherence and failure modes of these coating systems were
experimentally studied during the high-temperature testing. The TBC failure mechanism during thermal
cycling is discussed in light of coating transient stresses and substrate oxidation.

Keywords _zirconia coatings, plasma spraying, sputtering, strgss ~ (Ween the thermal expansion coefficients of metallic substrats
modeling, TBC, failure mechanisms, thermal cyclirlg and coating and due to transient thermal gradients during rapi
thermal cycling>%" Depending on deposition conditions, the
PVD deposition technique may also induce some stress withi
1. Introduction the coating, which is generally called intrinsic stress. Previoug
studies showed that this intrinsic compressive stress of the sp
Ceramic coatings are used as protective coatings for enginetered bond coating may act as a “prestress,” which diminishe
metal components to improve performareg, thermal barrier coating failure due to tensile thermal stresses at elevated tempg
coatings (TBCs) deposited by plasma spraying or PVD tech-atured®™ Also the plasma spray process induces some residug
niques are currently applied on gas turbine blades and diesel erstress due to substrate heating during the deposition. Therm
gine component$? residual stress (usually compressive stress) then develops duri
Conventional TBCs consist of metallic bond coating (typi- cooling to room temperature.
cally MCrAlY applied by vacuum plasma spraying or PVD) and Failure of the TBCs at working conditions is generally attrib-
a thick ceramic topcoat (typically stabilized Zd&posited by at- uted to (1) stress developing during cooling after high-tempera
mospheric plasma spraying (APS) or by electron beam evaporature exposure and (2) transient thermal stress during rapi
tion). The MCrAIY coat was replaced with a thinner, dense thermal cycling!®! In the first case, failure probability is en-
ceramic coating (yttria stabilized zirconia) deposited by direct hanced by oxide scales, growing at high temperatures in a stre
current (DC) reactive magnetron sputtering (PVD bond coat, seefree state. In the latter case, compressive stress experienced
Fig. 1)34 Despite their columnar microstructure, thin PVD coat- the plasma-sprayed (PS) coat may cause the spalling (delamin
ings can be dense and may act as an efficient diffusion gas battion) of individual lamellae. In any case, the PS coat does no
rier at high temperatures to control the oxidation of a metallic support high tensile stresses and relaxes by microcracking withi
substrate, and the columnar structure guarantees an improvethe lamellar structure. Rather than being a nuisance, the coati
strain and stress tolerance. The concept of this TBC coating detoughness is increased by this microcracking and no macroscop
sign is to improve the oxidation and corrosion resistance of thefailure is observed even at high working temperatures.
metallic substrate at high temperature. The TBC weight reduc- In this contribution, the thermomechanical stability of
tion achieved by this fully ceramic duplex TBC with the thinner PVD/PS systems at high temperature was studied. The therm
PVD bond coating is an important aspect, especially for an im-residual stress developed in the PS top coating during sprayi
proved efficiency in rotatory parts in industrial gas turbines. was simulated by using a heat transfer finite element mode
Thermal stress within the coatings occurs due to a mismatch be(FEM) program and an elasto-plastic biaxial stress model, whic
calculates the stress gradients in the coating/substrate $y&tem.
This computer code has already proved to simulate successful
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Minho, P-4700 Braga, Portugal; ahtl Gruhn, W. Malléner, H.P. the experimental measured stresses in PS coé&titigbhe ther-
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coating and the presence of the growing oxide scale. The coatingmin with static air. The rapid thermal cycling with the natural gas-
failure mode is discussed by comparing the numerical modelingoxygen flame consisted of heating up to 1000, 1100, and°C150
of the temperature distribution and strain/stress gradients, withinwithin 1 min and then cooling down to about 2@within 1 min

TBCs during thermal cyclingi with experimental data. by forced air. The temperature was measured by a thermocouple
clamped into a bore hole within the metallic substrate. The failure

2. Experimental Details of the TBC was defined in terms of cracking or spalling/delamina-
tion of the zirconia coating within at least 20% of the sample area.

2.1 Sample Preparation This degradation was generally observed during the cooling cycle.

After the thermal treatment, the samples were examined by
. . __optical microscopy, scanning electron microscopy, energy dis-
ton, WV) was used as the substrate material for this study. Gm‘persive X-ray spectroscopy (EDX), and X-ray diffraction analy-

blasted (using alumina as the_ erodent) and_polished (SIC P22(g;q (XRD). The coating adherence of all samples was investigated
grit) substrates were ultrasonically cleaned in acetone and therby pull tests. A pin was glued to the coating surface and cured in

placed into a high vacuum chamber for the deposition of PVD 5'f,nace and then a tensile stress was applied until failure.
bond coatings. The substrates winrg@tusputter cleaned prior to

the coating deposition. The PVD bond coating consists of a thin . .
(7 um) ZrO»7 wt.% Y,O; deposited by reactive magnetron sput- 3.  Numerical and Experimental Results
tering. A 300um ZrO,-7 wt.% Y,0O; thick top coat was then de- . )

posited on top of the PVD bond coat in a Plasma Technik 3-1 Stress Modeling of PVD/PS Duplex Coatings
spraying unit. The deposition was performed, typically at a gun

. 2" The as-deposited PVD coating was in a state of intrinsic com-
power of about 48 kW, at atmospheric pressure (APS coalings)yessive streéd! as determined experimentally. The as-deposited

orin an inert gas atmosphere of 2 bar. Stabilized zirconia powdelg4ting residual stress in the APS and IPS coating was calculated
with a mesh of45410 um and with a chemical composition of using a numerical FEM coé@°lby a two-step procedure: (1) the

7.52 Wt.% Y05 (ZrO; balance) was used. Details on the deposi- tomperature within the coating and substrate was calculated and

tion conditions, both for the PVD and the PS coating, can be ;ompareq with experimental data (Fig. 3); and (2) the coating ther-
found in Ref 3, and 12. , mal stress was computed from the temperature gradients, assum-
Three series of duplex coatings were prepared at substrat(ing a Young's modulus of about 80 GPEIfor the PVD, APS

temperatures of 500, 700'. and 900_K for b(?th APS and inertnq |pg coating (Fig. 4). The residual stress near the surface of the
plasma spray (IPS) spraying techniques. Figure 2 shows the,, coating was verified experimentally by XRD for the as-de-

cross section of a duplex coating, which has undergone thermaposited samples with and without PVD bond coaltiti.

cycling test after the deposition process. The simulation of the thermal stress of the coating during
thermal cycling was performed by solving the unsteady heat
conduction equation by an implicit finite difference algorithm,

The PVD bond coatings and sprayed top coatings were, directlywith isotropic and temperature-dependent physical properties.
after the deposition process, tested by isothermal cycling in a fur-This thermal modeling enabled calculation of the thermal strain
nace and rapid thermal cycling with a natural gas-oxygen torch.and stress fields by an elastic biaxial model, considering also the
The isothermal cycling consisted of 10 min heatup from20@ oxide layer grown at the PVD/substrate interface during the
maximum temperature and 45 min holding time, at 1000, 1100, high-temperature exposufé! The residual stress, as deter-
and 115C°C, respectively, followed by cooling down within 10 mined experimentally and numerically for the as-deposited mul-
tilayer coatings, was then superimposed on the computed stress
during thermal cycling. The material parameters used for the
simulations are shown in Table 1.

Inconel 617 alloy (INCO Alloys International, Inc., Hunting-

2.2 Coating Testing and Analysis

u

. Inconel 617
forced air

thermocouple

Fig. 2 Cross section of an Inconel substrate coated by a duplex

PVD/PS coating undergoing rapid thermal cycling (heating and cooling
Fig. 1 Micrograph of a typical duplex TBC produced by combination are done alternatively). Node coordinates indicated by A, B, C, D, and
of PVD and PS techniques E are the model points in Fig. 4, 5, and 9
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Fig. 4 Numerical simulation of the residual stress in PVD/PS TBC
Fig. 3 Simulated and measured temperature evolution during plasma&fter deposition. The distance is measured from the uncoated surface

spraying deposition of zirconia top coating (at point A as defined in Fig. 2) the coating. The points A, B, C, D, and E correspond to the respectiv
points in Fig. 2, 5, and 9

Table 1 Physical properties (at room temperature) used in the heat transfer and stress simulations

Physical property Substrate IN 617 Chromia layer PVD bond coat PS top coating

Density (g/crd) 8230 5210 5700 5700
Thermal conductivity (W/m/K) 134 1.2 1.8 1.8
Heat capacity (J/kg/K) 419 814.9 450 450
Emissivity 0.5 0.7 0.8 0.8
Young's modulus (GPa) 215 265 82 82
Poisson ratio 0.288 0.294 0.23 0.23
Thermal expansion coefficient (2K) 12 8.68 8.6 8.6
Yield stress, Rp0.2% (MPa) 360 300 138 138

room temperature, after about 300 thermal cycles, within the uppg
layer of the PS coating was also verified experimentally by XRD
During isothermal cycling, one has to discuss separately themeasurements. A value of about-250 MPa for a coating subjecte
coating stress in the three layers: (1) the growip@£xide layer, to thermal cycling was found, which is in good agreement with the
(2) the PVD layer, and (3) the PS top coat. Th&®¢layer grows, numerical result8! Table 2 presents some stress calculations ang
between the PVD layer and the metallic substrate, by oxygen dif-the correspondent measurements for as-deposited and thermal ¢
fusion through the PVD layer. We assume that the volume increastcled coatings.
due to the oxidation of the chromium is relatively low and, there-  Coating failure during isothermal cycling occurred generally
fore, the CjO; layer is stress free at the growth temperature. Dur- at the interface of substrate and PVD coating within the growing
ing the cooling cycle, a compressive stress develops within theCr,O; layer. The XRD and EDX analyses identified this oxide
Cr,O; layer due to the mismatch in thermal expansion coefficient layer asa-Cr,Os. No spinel or other oxides were present, which
of the coating and the substrate. The PVD layer is in a state of in-eventually could lower the adherence of the PVD co&ihit
trinsic compressive stress at room temperature due to the depos1000°C, the coatings resisted up to 300 cycles, without any fail
tion proceduré] This compressive stress is balanced by the tensile ure (Fig. 6 and 7), regardless of deposition conditions and sub
thermal stress when heating the sample. At working conditions, thestrate preparation (polishing or sand blasting).
PVD coating is therefore almost in a stress-free condition. Although it is known that GO; layers tend to deteriorate sig-
The PS top coating is in a tensile stress at working temperaturenificantly at temperatures above 10%D), higher temperatures
of 1000 and 1156C. During the heat treatment, it is assumed that were applied to accelerate the coatings degradation. At 1100 a
the coating relaxes almost immediately, by microcracking, to a 1150°C, the IPS coatings failed generally at lower cycle num-
tensile stress level of about 140 MPa (Table 1), and during pro-bers than the APS coatings. Furthermore, sand-blasted surfacq
longed heat treatment, the thermal stress is canceled by creealthough they showed higher oxidation rates, failed later tha
within the coating and eventually within the substfdt®icro- polished surfaces, probably due to a mechanical interlocking ef
cracking for ceramic coatings undergoing thermal cycling was de-fect. The lifetime of the APS coatings deposited at 500, 700, an
tected by acoustic methods by other authors, which confirmed the900 K seems to be similar during isothermal cycling at 1100 andg
model assumptions of the current rese&ftbue to this stressre-  1150°C. However, for this test, some coatings, such as APS
laxation at high temperature, a compressive thermal stress is thecoatings deposited at 500 K on sand-blasted substratesith
again generated within the coating during the cooling procedurea lower prestress due to the deposition procedure), exhibited
(Fig. 5). The compressive residual stress of ab800 MPa at higher average lifetime (Fig. 7).

3.2 Isothermal Cycling
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Fig. 5 Thermal stress at the positions A (substrate), B (chromia scale),Fig. 6 Coating lifetimes in isothermal cycled duplex PVD/PS coatings

C (PVD bond coat), D (center of the PS top coat), and E (surface of thefor different temperatures of cycling and for different deposition tem-
PS top coat) during the cooling phase of the isothermal cycling (cooling peratures. (APS-pol5 indicates polished substrate coated with PVD
time is 600 s and temperature decreases linearly from 1100 €200 bond coating and APS top coat deposited at 500 K, APS-sbl7 indicates
The values indicated by “with relaxation” correspond to the stress in the sand-blasted substrate coated with PVD bond coating and APS top coat
top coat, admitting cancellation of the stress in the top coat due to high-deposited at 700 katc)

temperature creep of the Inconel substrate

30 T
Table 2 Residual stress in the PS top coating surface for N APS ]
. -sbl

as-deposited and thermal cycled state of duplex PVD/PS 25 | 7 APS-pol [

TBCs as determined by XRD and by stress modeling g - [ IPS-sbl |1

= N 1  1PS-pol ]

Coating Model calculation XRD S 20 | 7]

State of the coating code (a) (MPa) (MPa) E o ]

%) | _ -}

As- deposited APS-sbl5 52 38 El 5 ]

As- deposited APS-sbl7 12 10 o I ]

As-deposited APS-sbl9 -5 -17 2 10 F ]

As-deposited IPS-sbl9 -5 -25 2 o 1

After isothermal APS-sbl5 -280 -240 & 5 h

cycling at 1100C 2 T r ]

After rapid thermal APS-sbl7 -120 -71 r 1

cycling at 1000C 0 : -

After thermal cycling Cr203 -1800 -2060 500 700

() APS-sbi5, APS-sbl7, IPS-sbigtc mean the mode of deposition of the Deposition temperature [K]

Zr,05-7 Wt.% Y,0; top coat €.g, APS-sbl5 is an atmospheric PS zirconia
coating deposited at 500 K on a sand-blasted substrate, IPS-sbl9 is a hig
pressure plasma spraying coating deposited at 900 K on a sand-blasted su
bstrateetc)

Fig. 7 Comparison between PVD/APS and PVD/IPS coating systems
tested in furnace cycling at 118G. (APS-sbl indicates sand-blasted
substrate coated with PVD bond coating and APS top coat, APS-pol in-
dicates polished substrate coated with PVD bond coating and APS top
coat, IPS-shl indicates sand-blasted substrate coated with PVD bond

Nevertheless, PS coatings deposited at higher substrate teprcoating and IPS top coat, and IPS-polindicates polished substrate coated
with PVD bond coating and IPS top coat.)

peratures showed greater pull strength even after prolonged ther

mal cycling. Figure 8 shows the pull strength data measured

within the undamaged area of the coatings after thermal cyclingcohesive strength of the PVD layer is always higher (>65 MPa,

and, as well, in the as-deposited state. which corresponds to the adhesive strength of the PVD layer on
During the pull test, all coatings exhibited cohesive failure the substrate) than the strength of th&dgiror the PS coating$.

within the PS top coating. The greatest cohesive strength of the

PS coatings was found for APS coatings deposited at high sub 3 3 Rapid Thermal Cycling

strate temperatures. As the substrate temperature decreased, t

cohesive strength of the lamellae diminished from 46 to 22 MPa, During rapid thermal cycling by alternatively heating the

and as the chamber pressure increased during the deposition (IPcoating surface with a plasma torch and cooling the substrate

coatings), cohesive strength decreased. The cohesive strength surface using forced air, the temperature and stress distribution

the lamellae is in any case lower than the adhesive strength owithin the coating/substrate system were somewhat different

the PVD coating both in the as-deposited form and after thermalcompared to the temperature distribution during isothermal cy-

cycling (see also Ref 3 and 4). cling in a furnace (see Fig. 9). Total stress relaxation due to creep
Tests with single PVD layers on the substtaiso revealed would not happen during the short period at maximum temper-

the cohesive strength of the chromia layer to be about 45 MPa. Thature, and the model calculations for the stress within the PS top

194—Volume 9(2) June 2000 Journal of Thermal Spray Technology
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Fig. 8 Pull strength data for the duplex TBCs as-deposited, isothermal

cycled at 1000°C (after 310 cycles), isothermal cycled at 1200 . . I . . .
(%/4 cycles), isothe(rmal cycledé\t 11)81) 17 cycles),)/and after rapid Fig. 10 Crack propagation within the chromia scale (typical cohesive

thermal cycling at 1108C (450 cycles). The failure was cohesive within failure) for the duplex PVD/PS coatings undergoing fumace cycling
the PS coat if not labeled otherwise by (a) adhesive at the PVD-substrate
interface or (b) cohesive within chromia scale. (APS-sbl5 indicates . . .
sand-blasted substrate coated with PVD bond coating and APS top coagPectively). Also, the pull tests performed after the rapid cycling
deposited at 500 K, APS-sbl9 indicates sand-blasted substrate coatedlid not show any significant differences (Fig. 8) from the results
with PVD bond coating and APS top coat deposited at 900 K, and IPS-obtained from isothermal cycling. Therefore, it is expected that
shl7 indicates sand-blasted substrate coated with PVD bond coating angh e duplex coatings will not fail during thermal cycling.
IPS top coat deposited at 700 K.) . . .
Nevertheless, during thermal cycling up to the maximum
temperature (115€C), a few samples exhibited spalling of in-
300 T L B I dividual lamellae of the PS top coating surface. A detailed stres
substrate (A) analysis of the first few seconds of the heating cycle predicteq
i additional compressive stress at the surface of the top coa
which may be responsible for this additional failure miéide.

-100

=

B

2

v -500 =] o PVD bond coat (CY]

1] o ] . .

z o % E 4. Discussion

— 900 | ° o =

g g 5 chromia scale (B) Numerical simulations of the thermal stress generated i
E o i ] TBCs (consisting of a thick (3Q@n) PS YSZ top coat and a rel-
& -1300

atively thin (7um) YSZ bond coat, deposited by PVD on an In-
conel 617 substrate), taking into account the intrinsic stress
revealed that the main stress occurs within the growing oxidg
20 40 60 20 100 layer. Experimental results confirm that failure occurs within
Time [s] these oxide layers (Fig. 10). Neither the numerical stress anal
sis nor the experimental data reveals a significant difference be
mg}zal'2”2?:Ef&')lm‘)d:rléeﬁ:;?nfm ‘;?%ér;gcztrrﬁjss g}/]g"t-‘ég@}g%mg one tween isothermal cycling and rapid thermal cycling (heating and
imum sugstrate temp?erature andglgoms maximuF;n) cooling rates about 1 and_ 18 Kis, respectively). .
The thermal compressive stress leads to generation of crac
parallel to the surfaéé'”18Istarting at pre-existing flaws or mi-
coat after cooling to room temperature indicated a compressivecrocracks. During continued thermal cycling, these cracks ma
stress of about100 MPa. These calculations considered solely propagate cycle by cycle, leading to spalling or complete de
the stress relaxation due to microcracking. Nevertheless, the nulamination. In fact, the failure was observed during the cooling
merical result showed that the differences in the thermal stressperiod and the location of delamination was for all coatings al
at maximum and minimum temperatures between isothermal cy-most within the chromia scale grown during the high-tempera
cling and rapid thermal cycling are not significant. ture exposure. The fracture path remains within th©Qayer
During the relative short time at maximum temperature in the current experiments. This finding is different from the lit-
(about 30 s - 650 cycles = 5.5 Aat1000°C), only a relatively erature. For traditional TBCs produced by plasma spraying, it is
thin CrO; layer builds up. An oxide layer of the corresponding reported®1°20that the fracture path initiates in the region of the
thickness did not cause coating failure during isothermal cy- oxidation product and continues “cutting” through the PS top
cling. The duplex coatings satisfactorily resisted rapid thermal coat, as illustrated in Fig. 11. However, for TBCs produced b
cycling from room temperature to 1000 and 11Q0within the electron beam evaporation (EB-PVD) the location of the failure
maximum number of cycles studied (650 and 450 cycles, re-is at the interface of alumina and bond d8&{See Ref 22 to 24

- —»
_ | heating | cooling |

[

-1700
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for a detailed analysis of stress fields and crack growth in roughof the interface, creep mechanisms, and fracture mechanics of
substrates.) In traditional TBCs, the oxidation product is mainly the substrate and of the three layers within the multilaminar
aAl,Os, which has a lower oxidation rate, but due to the rela- coating.
tively high Young’s modulus, a higher compressive stress de-
velops during cooling. Due to the different mechanical properties
of the oxidation product (@®; and ALO,) and the adjacentlayer 5. Conclusions
(YSZ-PVD coating and YSZ-PS coating, respectively), the
crack, in one case, deflected at the interface between the two lay A TBC system based on duplex PVD-PS ceramic coatings
ers and, in the other case, propagated across the two layers (swas produced and tested at high temperatures. The TBC con-
Ref 16 and 24 for the propagation of cracks along an interfacesists of a Zr@7 wt.% Y,O; PS top coat applied on Inconel 617
region). previously coated with a thin dense stabilized zirconia coating
The failure analysis for isothermal cycling at different tem- produced by the PVD technique. The adherence and failure
peratures indicates that the most probable coating life-limiting modes of these coating systems were studied during high-
factors are thickness of the grown oxide scale, thermal stressestemperature cyclic tests (furnace cycling and flame thermal cy-
plastic deformation of substrate, irregularities of the interface, cling). The coating lifetimes obtained using Inconel 617 (a
and, of course, adherence of the coatings on the substrate. Alchromia forming base material) and replacing the thick VPS
though the parabolic oxidation constant for alloys that form metallic bond coat (MCrAlY, which is an alumina forming ma-
alumina at high temperature is lower than that for the “chro- terial) by a thin PVD ceramic bond coat are similar to the con-
mia” forming alloys*8ljt is believed that the oxide thickness ventional TBCs.
is not the main critical factor. The thermal stress, which de- ~ The residual stress for the as-deposited coatings were deter-
pends on the Young’s modulus of the grown oxide, also playsmined by a FEM computer code developed for the simulation of
an important role. The crack path and the eventual deflectionthe plasma spraying process, and the results showed that the
of the crack at interfaces and irregularities are also importantlevel of stress at the surface was significantly le@0(to 40
factors. In summary, the coating lifetimes obtained using a MPa depending on deposition temperature and coating thick-
chromia forming base material and substituting the thick VPS ness), in good agreement with XRD measurements. The as-
metallic bond coat by a thin PVD ceramic bond coat are simi- deposited coatings showed a linear stress gradient with a higher
lar to traditional TBC$217 In corrosive atmospheres with ~compressive stress at the interface and a significantly low stress
agents such as sulfur, where@yhas shown good protective  level atthe surface. The temperature gradients within the duplex
properties, the suppression of the@J layer might even be ~ PVD/PS TBCs during the thermal cycling process were numer-

more valuablé2 ically modeled using a heat transfer program, and the corre-
Creep mechanisms and the periodical stress relief at wavysponding coating stress distributions were calculated using a
interfaces are certainly factors to be considé&ed.Further biaxial elasto-plastic stress model. After the heat treatment, the

modeling work for the PVD/PS TBCs during thermal cycling top coating developed a higher compressive stress on cooling
will consider two-dimensional/three-dimensional FEM analy- due to the relaxation processes at high temperature. The stress
sis and include some important effects such as the irregularitiesmodel presente¢800 MPa, which agreed with the experimental
measurement (abou250 MPa).
' The coatings applied on grit-blasted substrate surfaces with
Ceramic top coat . Ceramic top coat the PVD bond layer exhibited higher lifetimes compared to those
microcrack Scafe crack deposited on smooth substrates. During furnace cycling, failure
: occurred within the grown oxide due to an excessive in-plane
.- ' . oxi compressive stress during the slow cooling process, which is
NiCrAlY coat W also related to the increase of the oxide thickness. This com-
%‘ pressive stress generated tensile stress normal to the interface
M ;Q‘\ \e\\\\\\\ and was responsible for the observed microcrack propagation
b) parallel to the interface. For isothermal cycling at 1800the
coatings resisted without any observed failure for more than 300
cycles. For thermal cycling with a natural gas-oxygen flame
heating to 1000C in 1 min and cooling with forced air within
k __PVDbond coa | crack PVD bond coat the same time, the coatings resisted up to 650 cycles without any
g failure. The cohesive strength of the PS top coating ranged from
about 20 to 45 MPa (depending on coating porosity) and was not
altered after prolonged heat treatment such as furnace cycling or
flame thermal cycling.

@

Ceramic top coat Ceramic top coat

MiCrocrac

(© (d)

Fig. 11 (a) Schematic diagram of oxidation and microcrack growth for The authors are thankful to Dr. Fischer, Forschungszentrum
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