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ABSTRACT

Plasma-sprayed ZrO,—8wt%Y,0; and mullite+tBSAS/Si multilayer thermal and
environmental barrier coating (TBC-EBC) systems on SiC/SiC ceramic matrix composite (CMC)
substrates were thermally cyclic tested under high thermal gradients using a laser high-heat-flux
rig in conjunction with furnace exposure in water-vapor environments. Coating sintering and
interface damage were assessed by monitoring the real-time thermal conductivity changes during
the laser heat-flux tests and by examining the microstructural changes after exposure. Sintering
kinetics of the coating systems were also independently characterized using a dilatometer. It was
found that the coating failure involved both the time-temperature dependent sintering and the
cycle frequency dependent cyclic fatigue processes. The water vapor environments not only
facilitated the initial coating conductivity increases due to enhanced sintering and interface
reaction, but also promoted later conductivity reductions due to the accelerated coating cracking
and delamination. The failure mechanisms of the coating systems are also discussed based on the
cyclic test results and are correlated to the sintering and thermal stress behavior under the
thermal gradient test conditions.

INTRODUCTION

Environmental barrier coatings (EBCs) have been developed to protect SiC-based
ceramic components in gas turbine engines from high temperature environmental attack [1-3].
With continuously increasing demands for significantly higher engine operating temperature,
future EBC systems must be designed for both thermal and environmental protection of the
engine components in gas turbine combustion environments [4]. The thermal barrier function of
the coating systems will provide the necessary temperature reductions, thus lowering the engine
component thermal loads and chemical reaction rates. Operation at reduced temperatures will
better maintain the mechanical properties and extend the durability of these components.
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In order to develop high performance ceramic coating systems, advanced high heat flux
testing approaches were established [5-11]. The high heat flux tests based on a high power CO,
laser approach made possible heating of the coating surface to significantly higher temperatures
(e.g., 1500°C to 1650°C), while establishing a large thermal gradient across the coating thickness
through the laser surface heating and backside air cooling. The coating operating temperature
and stress conditions were more realistically simulated during test exposure.

Besides the advantages of realistic thermal gradient testing of the coating specimens at
very high surface temperatures required in future engines, the coating thermal conductivity and
sintering properties can also be obtained in real-time from the high heat flux tests. In addition,
coating delaminations can be monitored as a function of cycle numbers from the observed
thermal conductivity variations because coating delamination cracking causes an apparent
decrease in the measured thermal conductivity. The laser approach has demonstrated certain
advantages in evaluating environmental barrier coatings on SiC/SiC substrates because the
unusual conductivity changes can be detected in-situ during the thermal cycling. As an example
(shown in Fig. 1 (a)), a significant coating conductivity increase was observed during a laser
thermal cyclic testing of a barium-strontium-aluminosilicate (BSAS) coating system [12], due to
the formation of a surface glass phase and an interface high Si phase in the BSAS coating.

In this study, the laser high heat-flux based technique has been employed to investigate
thermal cyclic behavior of a multi-layered ZrO,—8Y,0; thermal barrier and mullite+BSAS
mixture/Si environmental barrier coating on SiC/SiC ceramic matrix composite substrates. In
some cases, the laser thermal gradient tests in ambient air were combined with the furnace
thermal cyclic tests in water-vapor environments for testing the coating specimens. The
alternating laser test in conjunction with the furnace thermal cyclic test can provide the
information about the water vapor effect on coating failure. The coating thermal conductivity,
sintering, cracking and delamination were evaluated during these thermal cycling tests. The
coating failure mechanisms are discussed based on the cyclic test results and correlated to the
sintering, creep, and thermal stress behavior under the test temperature and heat flux conditions.
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Fig. 1 A significant coating thermal conductivity rise was detected when the BSAS coating
reacts with the Si layer, forming appreciable amount of high Si content phases at the
interface. The surface glass phase was also observed during the laser thermal cyclic test
at 1482°C (1 hr cycles) that may also contributes to the observed conductivity increase.
(a) Thermal conductivity change during the laser cyclic test; (b) Coating cross-section
micrograph of the BSAS coating.
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EXPERIMENTAL MATERIALS AND METHODS
Materials

Plasma-sprayed ZrO,—8wt%Y,0; thermal barrier and mullite+BSAS/Si environmental
barrier coatings on SiC/SiC ceramic matrix composites were investigated in this study. The EBC
systems, namely, mullite and BSAS mixture layer and Si bond coat, were air plasma-sprayed
(APS) onto 25.4 mm-diameter and 2.2 mm-thick melt infiltrated (MI) SiC/SiC ceramic
composite substrates on a hot stage of a furnace. Substrate heating ensured deposition of the
desired crystalline phases of these coating materials. The top ZrO,—8wt%Y»0; coating was then
deposited using a conventional APS technique. The nominal thicknesses of the ZrO,—8wt%Y,0;
top coat, mullite+tBSAS mixture coat and Si layer were 254 um, 330 um, and 127 um,
respectively.

Thermal Cycling Tests

Thermal gradient cyclic testing of the ceramic coating materials was conducted using a
3.0 kW CO; laser (wavelength 10.6 um) high-heat flux rig. The general test approaches have

been described elsewhere [7, 9, 12-14]. In this laser heat flux test, the coating specimen surface
heating was provided by the laser beam, and backside air cooling was used to maintain the
desired specimen temperatures. A uniform laser heat flux was obtained over the 23.9 mm .
diameter aperture region of the specimen surface by using an integrating ZnSe lens combined
with the specimen rotation. Platinum wire flat coils (wire diameter 0.38 mm) were used to form
thin air gaps between the top platinum-coated stainless-steel plate and bottom stainless-steel back
plate to minimize the specimen heat losses through the fixture. During the laser thermal cycling
test, the ceramic surface temperature was measured by an 8 um infrared pyrometer, and the

backside CMC surface was measured by a two-color pyrometer. The real-time thermal
conductivity of the coating system can also be obtained by measuring the temperature difference
across the coating system.

The TBC/EBC coatings were thermally cycled in ambient air under the laser imposed
thermal gradients. The surface was tested at approximately 1482°C, and the interface
temperature was at either 1250°C or 1300°C. Thermal conductivity of the ceramic coating
system was also monitored as a function of the laser cycle number using the steady-state laser
heat flux test approach described above [7, 9, 10, 12-15]. Some coatings specimens were also
subject to alternating the laser thermal gradient cycling tests in air and the furnace thermal
cycling tests in a 90%H,O-balance O, environment at 1300°C to investigate the water vapor
effect. The laser thermal cyclic tests were conducted using either 30 or 60 min hot time
temperature cycles, but all with 3 min cooling between each cycle to ensure that the test
specimens were cooled below 100°C. Furnace cyclic tests consisted of 60 min high temperature
heating and 20 min cooling cycles.
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Sintering Behavior of the Coatings Materials

The sintering behavior of freestanding plasma-sprayed ZrO,—8wt%Y,0; and mullite
coatings was determined using a dilatometer at the temperature range of 1200°C-1500°C. During
the test, the specimens were quickly heated to the test temperature and held for a period of time
(up to 76 hours in this study). The sintering shrinkage was continuously recorded during the test,
and the coating shrinkage strains as a function of temperature and time were thus obtained.

EXPERIMENTAL RESULTS
Thermal Conductivity of the TBC/EBC System

Figure 2 shows the thermal conductivity of a 0.58 mm thick ZrO,—8wt%Y,0s/
mullite+BSAS coating system during a 20 hr steady-state testing under the laser high heat flux
conditions. The coating had an initial conductivity of 1.7 W/m-K. After the laser thermal
exposure at 1482°C surface temperature and 1250°C interface temperature, the average coating
conductivity value quickly (in about 3 hrs) increased to 2.35 W/m-K. The conductivity then
decreased with the test time. At the end of the 20 hours, the coating conductivity was about
1.9 W/m-K.
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Fig.2  Thermal conductivity of a 0.58 mm thick ZrO,—8wt%Y,0Os/mullite+BSAS coating
system during 20 hr laser steady-state testing. The coating surface and interface test
temperatures were 1482°C and 1250°C, respectively.
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Fig.3  Thermal conductivity variations of a 0.58 mm thick ZrO,—8wt%Y,03/mullite+BSAS
coating system during the combined laser thermal gradient cyclic test in air (with the
coating surface and interface test temperatures at 1482°C and 1250°C) and the furnace
thermal cyclic test in 90% water vapor environment at 1300°C. The 60 min hot time
cycles were used for both the laser and furnace tests.

This coating specimen was further subjected to a combined testing of furnace thermal
cycling in a 90% water vapor environment and laser thermal gradient cycling in air. The coating
thermal conductivity was measured in-situ during the laser portion of the thermal cyclic test, and
the results are shown in Fig. 3. It can be seen that the alternating furnace and laser thermal cyclic
tests resulted in significant coating thermal conductivity variations. The coating conductivity
changed from the highest value 2.3 W/m-K during the first laser test cycle to about 1.5 W/m-K
after 400 cycles of the combined laser and furnace test.

After the first 50 furnace cycle exposure, the coating thermal conductivity increased from
1.9 W/m-K (measured after the first 20 hr laser testing) to 2.1 W/m-K. During the subsequent
50 laser test cycles, the coating conductivity first increased to about 2.2 W/m-K, then generally
decreased as the cycle number increased, dropping to about 2.0 W/m-K at the end of the laser test
cycles. During the rest of the furnace and laser thermal cycles, the overall coating conductivity
showed a general trend to decrease with further thermal cycling. The largest conductivity reduction
(~17% reduction) was observed after the second 50 cycle furnace cycles. The thermal conductivity
changes after each segment of laser or furnace cycling are illustrated in Fig. 4.
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Similar thermal conductivity behavior, i.e., the initial conductivity increase and later
conductivity decease, was also observed for the coating system in laser only thermal cyclic tests
[16]. Figure 5 summarizes the measured conductivities, after the first 50 cycles and 200 cycles,
respectively, for the coating specimens subjected to the combined laser-furnace water vapor test,
and the laser only tests at two interface temperatures (1250°C and 1300°C). The effects of the
water vapor environment and interface test temperature are clearly demonstrated: the water vapor
or high interface test temperature promoted larger initial conductivity increases due to increased
coating sintering, but enhanced later conductivity decreases due to accelerated coating
delamination.

Figure 6 shows the measured coating conductivity as a function of the cycle frequency. It
can be seen that the measured coating conductivity decreases (as debond increases) with the
cycle frequency. The conductivity decrease (or the debond increase) with increasing the cycle
frequency may suggest the crack healing and cyclic fatigue effect during the laser testing.
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Fig.4 Thermal conductivity changes during the combined laser and furnace cycles showing
conductivity initially increased then decreased with cycle numbers.
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Fig. 5 Thermal conductivity increases and reductions for various laser cyclic tests showing the
effects of the water vapor environment and interface test temperature. The presence of
water vapor and the higher interface test temperature promotes initial conductivity
increases due to coating sintering and interface reaction, but accelerates later conductivity
reductions due to the weakened interface and thus more severe coating delaminations.
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Fig. 6 Measured coating conductivity as a function of the cycle frequency. The coating
conductivity decrease (or debond increase) with increasing cycle frequency may suggest
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Sintering Behavior of ZrO,—8wt%Y,0; and Mullite Coatings

The sintering shrinkage for ZrO,—8wt%Y,03 and mullite was shown i1_1 Fig. 7. It can be
seen that the coating shrinkage strain can be as high as 1% after a 76 hr isothermal testing at
1500°C. The mullite shrinkage strain was found to be 0.3% after ~20 hr testing at 1400°C.
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The sintering-shrinkage strain measured for a plasma-sprayed ZrO,—8wt%Y,0; coating

in a dilatometer thermal expansion test as a function of test time at various
temperatures. (a) ZrO,—8wt%Y,0;; (b) mullite.
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Failure Modes of the TBC/EBC System

The coating failure modes were investigated during the testing. Figure 8 shows typical
coating surface and cross-section cracking morphologies after the laser high thermal gradient
test. As shown in Fig. 8 (a), extensive mud-flat cracking was developed on the coating surface
after 134 laser cycles (60 min hot time laser cycling). The size of the major surface crack
segments typically ranged from 0.5 to 1 mm. The general surface-cracking pattern was observed
for all the tested specimens. It should be mentioned that the surface cracking was found to occur
even at an early stage of the laser testing (e.g., after the 20 hr laser steady-state 1 cycle test),
although the crack widths and crack density usually increased with test cycle. From the cross-
section micrographs of the tested coating specimen (Fig. 8 (b)), it can be seen that the surface
cracks tended to be wedge-shaped, with the larger crack opening widths near the coating surface
and within the ZrO,—8wt%Y,O; layer. Surface initiated cracks later extended deeply into the
mullite and BSAS mixture coatings under the thermal cyclic loading, resulting in severe EBC
coating damage and subsequently TBC/EBC coating delaminations and spallations.

i i

ZHO -8wt%¥,0,

TEBC-#4 6.0kV 12.9mm x30 SE(L) 01/02/2002

®)

Fig. 8  Micrographs of typical coating surface and cross-section cracking morphologies of a
ZrO,—8wt%Y,0s/mullite+BSAS/Si multi-layered coating system after the laser thermal
gradient cyclic testing. (a) The coating surface morphology showing the extensive
surface crack networks developed after the laser testing; (b) The coating cross-section
micrographs showing the wedge-shape surface cracks and the resulting coating
delaminations under the laser thermal gradient cyclic test conditions.
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Figure 9 shows cross-section micrographs of a severely delaminated coating specimen,
following testing under the combined laser and furnace water vapor cyclic conditions in. It can
be seen that the extensive coating cracking occurred in both ZrO,—8wt%Y,0; and mullite-BSAS
coatings. The coating interface, including the Si layer, was also severely damaged from the
thermal stresses and the water vapor attack made possible because of the presence of the coating
cracks.

(b)

Fig. 9 Cross-section micrographs, from severely delaminated and interface damaged areas, of a
coating specimen tested under the combined laser and furnace water vapor cyclic
conditions in. (a) Severely cracked coating region; (b) delaminated coating region.
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DISCUSSION

In both the laser and combined laser/furnace tests, the specimen thermal conductivity
initially increased due to coating sintering. The coating conductivity increases for individual
ZrO0,—8wt%Y,0;3 thermal barrier and silicate-based environmental barrier coatings have been
experimentally demonstrated previously [7, 9, 12, 14].

For the BSAS and mullite/BSAS environmental barrier coatings, it has also been reported
that the combined laser cyclic test in air and furnace cyclic test in water vapor environments
caused faster coating sintering and a greater conductivity increase at the initial cyclic stage than
where tested only in the laser thermal cycling test in air [12]. In the present study, a consistent
finding was observed; the combined laser and furnace test resulted in the highest overall
conductivity increase in the first 50 cycles for the TBC/EBC system as compared to the laser
only tests in air. The enhanced coating sintering under the combined laser and furnace cycle tests
may be attributed to the enhanced sintering of the ceramic coatings and the faster silica
formation and interface reactions at the interface in the water vapor environments. The laser only
test at a higher interface test temperature also enhanced the coating sintering, thus resulting in
higher initial conductivity as compared to that with a lower test temperature.

The very fast initial increase in the coating sintering shrinkage strain at the high
temperatures, observed from the dilatometer tests, resulted in the formation of surface cracking
in relatively short test times. Once the surface cracks are formed, the coating delamination cracks
were then initiated and propagated under the cyclic stresses originating from the further
sintering-creep shrinkages, and the thermal expansion mismatch between the ZrO,—8wt%Y,0;
top-coat, and the EBC and CMC substrate during the testing. The conductivity variations during
the laser tests are attributed to a competing process of the sintering related crack healing, and
new crack formation and crack propagation under thermal cycling conditions.

The coating conductivity decrease under the cyclic testing was primarily due to the
coating cracking and delaminations. The processes are complex in nature and are closely related
to the coating sintering-creep (a time- and temperature-dependent process) and cyclic fatigue
(a cycle frequency dependent process, as demonstrated in the cycle frequency effect) under
thermal cycling conditions. It should be mentioned that the conductivity decrease was observed
even in the first 20 hr steady-state laser testing, indicating possible crack formations and coating
delaminations due to the high sintering shrinkage at test temperature before the first cooling
cycle. After the laser cyclic test, extensive wedge-shaped surface cracks developed. The wedge—
shaped cracks are often generated due to the ceramic coating sintering shrinkage, and the
compressive thermal stress-enhanced coating creep within the ZrO,—8wt%Y,0; at laser test
temperatures [6]. Thus, one can correlate the cracking morphologies to the laser thermal
gradients within the coating, and predict the surface crack evolution as a function of time [6].

More severe coating delaminations, as indicated by an ultimate lower apparent coating
conductivity, were observed for the specimen under the combined furnace water vapor and laser
cyclic test conditions, and for the specimen tested under a higher interface temperature with
shorter cycle times. It was previously reported that the water vapor had a detrimental effect on
EBC coating durability by promoting the coating/substrate interfacial pore formation for the
EBC systems under the combined laser and furnace water vapor testing [12]. This behavior leads
to faster coating conductivity reductions under the laser thermal cyclic testing. The surface
vertical cracks, penetrating into the TBC and EBC, will further accelerate coating degradation.

NASA/TM—2002-211478 11
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Fig. 10 Coating failure mechanisms of thermal and environmental barrier coating under laser
thermal gradient cyclic testing. The surface wedge shape cracks will be generated under
the thermal gradient test conditions due to the combined effect of coating sintering and
thermal expansion mismatches between the coating layers and the substrate. Upon
further cycling the surface cracks will propagate deeply into the EBC and ultimately
reach the coating/Si-substrate interface. The water vapor attack further enhances the
interface degradation and coating delamination process.

As a result, substantial coating delamination and spallation were observed for the specimen
tested under the combined laser and in the furnace water vapor environments. The laser test at a
higher interface temperature will also result in more coating interface damage and weak interface
bonding during the later stage of testing, leading to more conductivity reductions than laser tests
at a lower interface temperature. The accelerated damage, with increasing cycle frequency, under
more frequent cycle test (30 min cycle test) also suggests a possible cyclic fatigue effect in
addition to the time dependent sintering-creep effect for the TBC/EBC coating systems. The
coating failure mechanism is summarized in Fig 10.

CONCLUSIONS

A laser heat flux test approach has been used to investigate thermal cyclic behavior and
conductivity response of plasma-sprayed ZrO,—8wt%Y,0s;/mullite+BSAS/Si coating systems.
The conductivity variations can be attributed to a competing process of coating sintering and
coating delamination cracking. The coating failure involved both the time-temperature dependent
sintering and the cycle frequency dependent cyclic fatigue processes. Water vapor environments
promoted initial conductivity increases, due to enhanced coating sintering and interface reaction,
and later conductivity reductions due to accelerated coating cracking and delaminations. The
failure of the coating system can be characterized as wedge-shape surface cracking, and surface
cracking-enhanced coating delamination.
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