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Summary

Recent interest in environmental/thermal barrier coatings (EBC/TBCs) has prompted research to
develop life-prediction methodologies for the coating systems of advanced high-temperature ceramic
matrix composites (CMCs). Heat-transfer analysis of EBC/TBCs for CMCs is an essential part of the
effort. It helps establish the resulting thermal profile through the thickness of the CMC that is protected
by the EBC/TBC system. This report documents the results of a one-dimensional analysis of an advanced
high-temperature CMC system protected with an EBC/TBC system. The one-dimensional analysis was
used for tradeoff studies involving parametric variation of the conductivity; the thickness of the
EBC/TBCs, bond coat, and CMC substrate; and the cooling requirements. The insight gained from the
results will be used to configure a viable EBC/TBC system for CMC liners that meet the desired hot
surface, cold surface, and substrate temperature requirements.

Background

The development of environmental/thermal barrier coating (EBC/TBC) systems is being pursued
under the NASA Ultra-Efficient Engine Technology (UEET) project. The primary objective is to enable
the use of ceramic matrix composites (CMCs) in propulsion system components that are subjected to
extremely harsh thermal environments. Turbine vanes and combustor liners are examples of such
components that need protection from hot combustor gases as well as environmental effects due to
moisture, debris, oxygen, and other substances (refs. 1 and 2). A novel concept is under development at
the NASA Glenn Research Center for protecting materials against these environmental effects. EBC/TBC
material systems developed previously under the High-Speed Civil Transport and Enabling Propulsion
Materials programs can perform at material surface temperatures up to 1315 °C. New EBC/TBCs being
developed under the NASA UEET project are expected to deliver environmental and thermal protection
with assured reliability and durability under very high operating gas temperatures. These coating systems
are expected to see surface temperatures around 1480 °C. The bond-coat/substrate interface temperature
is required to survive temperatures at least as high as 1315 °C with assured reliability. A pictorial
representation of the current state-of-the-art EBC is shown in figure 1. It consists of a CMC substrate, a
silicon layer bond coat, a composite layer of mullite and BSAS (barium strontium aluminum silicate), and
a pure BSAS layer as the EBC on the top.
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Figure 1.—Environmental barrier coating system under development at Glenn.

Introduction

With the ever-increasing need for EBC/TBC systems in more critical high-temperature applications,
the life and durability of coatings has become an important issue. Experimental investigations of
EBC/TBC systems often lead to an understanding of the underlying failure mechanisms. However,
extensive experimental testing is needed to arrive at an optimum configuration for the system because of
the many design parameters involved. Consequently, analytical modeling of EBC/TBC life and durability
is required to minimize the number of experimental investigations needed to arrive at an optimum
EBC/TBC system that satisfies all the requirements. Such efforts eventually lead to the development of
computational design tools that can be used for the optimum design of coating systems for combustor
liners. A brief survey of the relevant literature was reported recently (ref. 3). For completeness, results
from the literature are summarized in the following paragraphs. Note that, since the EBC is a novel
material development concept originated in-house at Glenn, research in the life prediction and cracking
characteristics of EBCs is very limited, and the authors are not aware of any literature available on EBCs
for CMCs outside of Glenn sources. Therefore, this section focuses primarily on Glenn coating material
development design issues. Reference 4 summarizes various researchers’ hypotheses regarding the
cracking behavior and the attendant failure modes in TBCs that are of significant importance to the life
and durability of the coatings as well as the coated components.

The temperature differences through the thickness of the EBC/TBC and the CMC, together with the
mismatch in their expansion coefficients and the stiffnesses of the various layers, could lead to tensile
stresses in some layers. The tensile stresses in the layers can cause cracks in the coating system and,
thereby, expose the substrate to harsh environments. A number of research efforts are focusing on
analytical and experimental studies of coating systems applied to metallic substrates (refs. 5 to 9). With
the aid of conventional finite element analysis methods, Cheng et al. (ref. 5) quantified the residual
stresses in an electron beam physical-vapor-deposited yttria-stabilized zirconia TBC system on a
platinum-aluminum bond coat. An elastoplastic analysis of a circular disk specimen modeled with an
actual interface surface with ridges and cavities showed significant areas of tensile stresses responsible for
cracking.

Brindley (ref. 6) conducted experiments to observe the effect of increasing the NiCrAlY bond coat
oxidation resistance on TBC life. He showed that besides the oxidation being a main driver, there are
other issues that have a pronounced effect on life. Differences in the coefficients of thermal expansion of
the various layers and the stress relaxation of the alloy in the bond coat applied on a metallic substrate
affect the coating life significantly. Out-of-plane residual stresses in the bond coat increase during the
stress relaxation phase of the plasma-sprayed coatings. These out-of-plane stresses result in material creep
and delaminate the ceramic layer, decreasing the life.

DeMasi et al. (ref. 7) performed an extensive experimental investigation of a two-layer NiCrCoAlY
TBC system in order to study the inherent failure mechanisms and develop coating life models. Their life
model used a one-dimensional constitutive relationship and model developed by Walker (ref. 10) and an
oxide growth rate that was verified with the experimental data.
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Kokini et al. (refs. 8 and 9) studied the coating properties and behavior of CoCrAlY under high
thermal gradients and thermal cyclic loads. Their initial study focused on the effects of surface
temperature as well as thermal gradients on fracture mechanisms in TBCs. Subsequently (ref. 9), they
studied the effects of laser heating, manufacturing processes, and coating thickness on the cracking
behavior of TBCs. These studies indicated that the cooling-induced tensile residual stresses led to surface
cracking. The studies are primarily experimental in nature, and comprehensive analytical modeling was
not done to explain the experimentally observed behavior.

Thermal residual stresses, in addition to causing coatings to crack, sometimes cause the coating
system to delaminate from the substrate. References 6, 11, and 12 focus on delamination-related failure
mechanisms in the coating systems. Andritschky et al. (ref. 11) studied the mechanics of delamination on
metal-based thick ceramic coatings. Delaminations initiated at the transverse crack sites caused by the
sintering process, thermal stresses, and internal oxidation during prolonged exposure to high temperatures
were experimentally and computationally investigated. Finite element method simulations were used in
combination with analytical classical fracture mechanics to compute stress intensity factors.

Andritschky et al.’s report concluded with the remark that finite element method analysis of the entire
coating system can lead to better results because of the complexity of residual stresses, short cracks,
multiple cracking, and other parameters.

Teixeira et al. (ref. 12) quantified the residual stresses induced by the processing and coefficient of
thermal expansion mismatch experimentally and numerically in plasma-sprayed TBCs. Good agreement
between the computed residual stresses and the experimental data was noted. Also, studies under
isothermal and cyclic heat treatment were conducted. It was observed that residual stresses that developed
in the coating led to the adhesive (delamination of the interface) or cohesive (microcracking or spalling
within the ceramic coating) failure because of the coefficient of thermal expansion mismatch, thermal
gradients, and the thermal history. In addition, the presence of free edges led to high interfacial shear and
axial stresses, which promote microcracking parallel and adjacent to the interface. Also, during rapid
thermal cycling, compressive stresses developed in the coating and caused cracks to form at the interface.

Cracks often originate at multiple sites in the coating system and, therefore, should be treated as such
as opposed to analyzing a single crack with linear fracture-mechanics-based approaches, which have been
quite commonplace in literature. Reference 13 addresses multiple cracking phenomena in functionally
graded materials. Multiple cracking is the most common phenomena observed in both TBC and EBC
coating systems. Nusier et al. (ref. 14) performed an experimental and analytical investigation of the
damage process in TBCs subjected to different thermal cycle profiles.

Erosion due to foreign object impact, though not directly related to a thermal-gradient-induced failure
mechanism, is often observed in conjunction with coating systems. Wellman and Nicholls (ref. 15)
performed formal studies to explain the erosion process mechanism linked with the microstructure of the
coatings.

As indicated by the literature, most of the work has focused on TBC systems on conventional metallic
substrate material. Modeling and analysis of EBC/TBC systems on CMCs has been very limited. In order
to design a viable coating system that meets the necessary survival requirements, it is highly desirable to
establish thermal gradients through various layers in addition to computing the thermally induced
stresses. These tasks can be achieved via heat-transfer and stress analyses. The present effort consists of
the first part, namely heat-transfer analysis as well as a set of tradeoff studies. The coating system that is
considered in the following sections is the one proposed and pioneered by Lee (refs. 1 and 2). Currently,
this system is being investigated experimentally to evaluate its survivability and durability under harsh
combustion environments. As mentioned earlier, it consists of a CMC as the substrate, a silicon layer as
the bond coat, a composite layer of mullite and BSAS, and pure BSAS layer as the EBC at the top. The
coating system must survive a surface temperature of 1480 °C and a bond-coat/substrate interface
temperature of at least 1315 °C with assured reliability.
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Heat-Transfer Analysis

In the present effort, the primary purpose of heat-transfer analysis is to predict and establish the
thermal profile in the EBC system and the CMC with reasonable accuracy. This is important because it is
the first step in assessing the durability of the coating system. As shown in figure 1, the system consists of
four layers of different materials. In general only the temperatures at the top and bottom surfaces can be
measured experimentally. The temperatures within the layers have to be established by some analytical
means. A judicial combination of both methods will lead to an experimentally validated analytical
procedure for a parametric analysis showing the effect of variations in the different design parameters on
the thermal profile.

The one-dimensional linear heat-transfer analysis used accounts for hot gas convection; conduction in
the EBC, mullite, bond coat, and CMC layers; and convection due to impingement cooling. Radiation
effects are not explicitly considered in the present analysis. For the tradeoff studies, the amount of heat
load on the hot side based on an equivalent film coefficient is deemed sufficient. Similarly on the cold
side, the calculated heat loads are based on an equivalent convection cooling that represents typically an
impingement-type cooling. For steady-state heat transfer, the heat flow through the hot gas, the EBC
layers, and the cooling gas should remain constant. By applying this condition, equations to compute
temperatures in different layers can be derived as shown in the following equations. Figure 2 and the
following definitions should be referred to for the notations used in the equations:

hy, hy film coefficients on the hot (EBC) and cold (CMC) sides
t, b, 3, Iy EBC, mullite, bond coat, and CMC layer thicknesses, respectively
ki, ks, ks, ky EBC, mullite, bond coat, and CMC layer thermal conductivities, respectively

Ti, Tr, T3, Tu, Ts, Ts, T;  hot gas, EBC top, mullite top, bond coat top, CMC top, CMC bottom, and
cold-side gas temperatures, respectively.

0 total heat flow

A unit surface area

Hot gas (convection), temperature T4

BSAS

Mullite + BSAS

Silicon (bond coat)

CMC

o of ko e

Back-side cooling (convection), temperature T7

Figure 2.—Modeling for one-dimensional heat-transfer analysis.
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The equation for the steady-state linear convection heat transfer within the hot gases over EBC can be
written as (ref. 16)

O=mA(T-T>) (1)
The one-dimensional heat-conduction equation according to Fourier’s law is given by reference 16:
QO =kAJll cx (2)
Equation (2) states that the total heat flow Q in direction x, which is the thickness in the EBC system,
is proportional to the gradient of the temperature in direction x. This equation can be applied successively

to each of the BSAS, mullite, bond-coat, and CMC layers to arrive at the following governing equations:

EBC (BSAS) layer:

0=kA(T, - T3/t 3)
Mullite layer:

0 =kA(Ts - Tyt @)
Bond-coat layer:

0=k A(Ts— Ts)/t; (5)
CMC substrate:

O = kA(T5 - To)/ta (6)

For conduction through the EBC and CMC, the following equation can be derived:

(T, -T.)4
ta t2 61 t )
ko ok, kK

The steady-state linear convection transfer through the back-side cooling gases is given by
0 =hA(Ts— T7) (3
As mentioned earlier, the hot-side heat load due to the radiation and convection effects was combined
with the equivalent film coefficient /;.

Parametric Tradeoff Studies

An initial evaluation of the thermal profile computed using the design parameter values as received,
figure 1 and table I, indicated that the temperature difference between the EBC top surface and the CMC
top surface was less than 37.8 °C. This is much less than the UEET design requirement of 165 °C, as
mentioned earlier. We, therefore, decided to conduct a parametric study by varying design parameters
such as the conductivities and thicknesses of the EBC, mullite, CMC layers, and film coefficients on the

NASA/TM—2007-214920 5



TABLE I.—EBC SYSTEM BASELINE CONFIGURATION

Design parameter Substrate Bond coat Mullite + BSAS EBC (BSAS)
Layer thickness, mm 2.032 0.0508 0.127 0.127
Thermal conductivity, W/m-K 22.000 22.1000 1.950 2.200
Film coefficient, W/m>-K 604.000 |  —emmmemmem | e 458.000

1375
1350
1325 o o 4
®) "vv#cceceeeezeiﬁ_ii
° -
s l._._._._._._.-l—l—l-l—l—l—l-l-l—l—
3 K
& 1300 ., r*****{--ﬁ-k*#*l—#*lﬂl—-lﬂklﬂk
5 -
;7 M
& -I/ x‘*-
1275 .
5 ‘.IX
X' —&— Hot-side surface
— 4l — Mullite top
1250 - # - - Bond coat
— % - Substrate
— ¥ — Cold-side surface
1225 1 1 1 1 1 ]
0.0 1.0 2.0 3.0 4.0 5.0 6.0

EBC conductivity, W/m-K

Figure 3.—Effect of variation in environmental barrier coating (EBC) conductivity.

hot- and cold-side surfaces. The EBC system configuration shown in figure 1 and table I was used as a
baseline configuration. Design parameters were then varied one at a time, and temperature differences
between the EBC and CMC top surfaces were computed for each variation. The design parameters were
varied until the desired UEET requirement was met. The results of the analysis with gas temperatures of
1649 °C on the hot-side gas and 1038 °C on the cold side are shown in figures 3 to 9.

The effects on the overall thermal profile of varying the EBC (BSAS) and the mullite layer
conductivities from 0.2 to about 6.3 W/m-K are shown in figures 3 and 4. It can be seen from figure 3
that, within the range of conductivities, 0.2 to 2.0, the increase in the thermal conductivity of the EBC has
a significant effect on the thermal profile. The heat conduction, however, is also constrained by the
conductivity of the mullite, bond coat, and CMC layers. Consequently, a further increase in EBC
conductivity shows only a minimal effect on the thermal profile. Therefore, increases in EBC
conductivity decrease the EBC layer temperature to a limit, but thereafter have no effect. The maximum
temperature difference from figure 3 is about 90 °C, which is far below the UEET objective. Since the
mullite conductivity and its thickness are close to those of the EBC, the variation in its conductivity also
shows effects similar to those of the EBC conductivity, as shown in figure 4.
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Figure 5.—Effect of variation in environmental barrier coating (EBC) thickness.

For the next set of tradeoff studies, geometry-related design variables were varied. Figures 5 to 6
show the effects of EBC and mullite thickness on the overall thermal profile. The thicknesses were varied
between 0.063 and about 0.38 mm. The behavior basically follows the conduction law that an increase in
thickness increases temperature differences for the same amount of heat flow. From this fact, it can be
concluded that a desired temperature difference can be achieved by simply increasing the thickness of the
EBC or mullite. However, the maximum temperature difference achieved between the EBC top and CMC
top surfaces, within the range of EBC and mullite thicknesses analyzed, was only 40 °C, which is much
lower than that observed from the EBC and mullite conductivity variation. Thus, a very thick coating
system would be needed to achieve a higher temperature difference, which is not practical from a
manufacturing viewpoint. In addition, there may be other design constraints as well as manufacturability
issues that might limit the available thicknesses to a narrow window. Another geometry-related design
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parameter is the bond-coat thickness, whose effect on the temperature profile is shown in figure 7. As
seen in the figure, the bond-coat thickness has a negligible effect on the temperatures in the EBC system.
The last set of design variables considered in the tradeoff studies was related to the engine operation
or the environment in which EBC systems are used. These variables are the film coefficients on the hot
side and back side that control, via convection, the heat flow through the EBC and CMC. The hot-side
convection is due to the hot combustion gases. The back-side convection is due to the impingement
cooling that is generally implemented to cool the CMC substrate. Figure 8 shows a variation in hot-side
film coefficients from 0.9 to 3.4 and the effect on the resulting thermal profile. From equation (1), it is
clear that the hot-side film coefficient increases the heat flow through convection and yields the
temperatures in the EBC system layers seen in figure 8. An increase in the cold-side film coefficient, on
the other hand, results in greater heat flow out (eq. (8)), thereby leading to a significant drop in the EBC
system layer temperatures, as shown in figure 9. These results show that the film coefficients, in general,
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and the impingement-cooling-related coefficient, in particular, are design parameters that control the
resulting thermal profile very effectively. However, the temperature difference computed between the
EBC top surface and the CMC top surface is barely 30 °C, which is negligible.

For the selected range of variables, the tradeoff studies showed that the maximum difference
achievable between the EBC top and CMC top temperature was only 90 °C. The tradeoff studies also
showed the existence of more than one design configuration for a given temperature difference. In view
of the multitude of possibilities and a number of competing design variables, we recommended that a
formal optimization be performed in order to include the effect of simultaneous interactions of the design
parameters and constraints. A sample optimization study was performed, and a typical set of results is
given in tables II and III.

Although the optimization study revealed a configuration with a temperature difference of 149 °C, the
unusually thick EBC required makes the configuration impractical. However, further optimization
investigations with modified constraints may lead to a design configuration that is feasible to manufacture
and achieve the design objectives.
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TABLE I1.—BOUNDS FOR SAMPLE OPTIMIZATION STUDY

Variable Upper bound | Lower bound
EBC conductivity, W/m-K 3.115 1.66
Mullite thickness, mm 0.508 0.127
Mullite conductivity, W/m-K 3.115 1.66
Bond coat thickness, mm 0.102 0.051
EBC thickness, mm 0.508 0.127
EBC surface temperature, °C 1482 1479
Film coefficient of hot-side (EBC) 113.54 3.122
surface, W/hr-m?-°C

TABLE III.—OPTIMIZED CONFIGURATION

Thickness, mm
EBC 0.35772
Mullite 0.39615
Bond coat 0.05853
Substrate 2.03200
Conductivity, W/m-K
EBC 2.48108
Mullite 2.42314
Bond coat 22.10011
Substrate 22.00000
Film coefficient, W/hr-m2-°C
Hot side 3170.0
Cold side 2383.0
Temperatures °F °C
Hot-side gas 3000.000 | 1648.889
EBC surface 2695.000 | 1479.444
Mullite top 2555.615 | 1402.008
Bond-coat top 2397.562 | 1314.201
Substrate top 2395.001 | 1312.778
Substrate bottom 2305.708 | 1263.171
Back-side gas 1900.000 | 1037.778

Summary of Results

Collectively, the study results indicate that there are three major sets of design parameters that control
the thermal profile through the coated CMC material. The first set is the conductivities of the BSAS
(EBC) and mullite layers. Only the lower range of conductivities have a significant influence. An
indefinite increase beyond this lower regime does not affect the thermal profile significantly. The second
set of design variables is the thicknesses of the EBC and mullite layers. Here, a monotonic increase of the
layer temperatures is seen as the thicknesses of the EBC and the mullite layers are increased. However, it
should be noted that EBC layer temperatures in excess of 1482 °C are unacceptable because of the glass
transformation of EBC. Furthermore, manufacturing of thick EBC poses additional geometrical
limitations as well as higher residual stresses because multiple passes of plasma spray are needed. The
change in the bond coat thickness has shown no effect on the thermal profile in the EBC system. The last
set of design variables are related to engine operation and consist of hot-side and back-side film
coefficients, which control the convective heat transfer. An increase of the hot-side film coefficient could
lead to an unacceptably higher temperature in the EBC as well as CMC surfaces. However, the rate of
increase in the EBC surface temperature is much higher than that of the CMC surface temperature. Thus,
the temperature difference between the EBC and CMC surface increases with the hot-side film
coefficient. On the other hand, an increase in the cold-side film coefficient reduces the EBC as well as the
CMC temperatures significantly.
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The tradeoff studies clearly show the existence of more than one design configuration for a given
EBC top and CMC top temperature difference. Within the selected range of variable magnitudes, the
maximum difference that can be achieved between the EBC top and CMC top temperatures is 90 °C.
Because of the multitude of possibilities and the number of competing design variables, a representative
optimization study was performed. On the basis of this study, we recommend that a formal optimization
be performed to include the effect of the simultaneous interaction of the various design parameters and
constraints. Also, because the temperatures are very high in the combustor, radiation effects may have to
be accounted for in the analysis as well. One way to approach this problem is to embed the radiation
effects into an equivalent hot-side film coefficient.

10.
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15.

16.

References

Lee, K.N.: Key Durability Issues With Mullite-Based Environmental Barrier Coatings for Si-
Based Ceramics. Trans. ASME, vol. 122, Oct. 2000, pp. 632—636.

Lee, K.N.: Current Status of Environmental Barrier Coatings Development for Si-Based
Ceramics. Surf. Coatings Technol., vol. 133—134, 2000, pp. 1-7.

Shah, A.R.; Brewer, D.N.; and Murthy, P.L.N.: Life Prediction Issues in Thermal/Environmental
Barrier Coatings in Ceramic Matrix Composites. NASA/TM—2003-12967, 2003.

Committee on Coatings for High-Temperature Structural Materials: Coatings for High-
Temperature Structural Materials: Trends and Opportunities. National Research Council,
National Academy Press, Washington, DC, 1996.

Cheng, J., et al.: Thermal/Residual Stress in an Electron Beam Physical Vapor Deposited
Thermal Barrier Coating System. Acta Mater., vol. 46, no. 16, 1998, pp. 5839-5850.

Brindley, W.J.: Properties of Plasma Sprayed Bond Coats. Proceedings of the Workshop on
Thermal Barrier Coatings. NASA CP-3312, 1995, pp. 189-202.

DeMasi, J.T.; Sheffler, K.D.; and Oritz, M.: Thermal Barrier Coating Life Prediction Model
Development—Phase I, Final Report. NASA CR-182230, 1989.

Walker, K.P.: Research and Development Program for Nonlinear Structural Modeling With
Advanced Time-Temperature Dependent Constitutive Relationship. NASA CR-165533, 1981.
Kokini, Klod; Choules, Brian D.: and Takeuchi, Yoshimi R.: Thermal Fracture Mechanism in
Ceramic Thermal Barrier Coatings. Proceedings of the Workshop on Thermal Barrier Coatings,
NASA CP-3312, 1995, pp. 235-250.

Choules, D.D.; Kokini, K.; and Taylor, T.A.: Thermal Fracture of Thermal Barrier Coatings in a
High Flux Environment. Surface and Coatings Technology, vol. 106, 1998, pp. 23-29.
Andritschky, M., et al.: Study of the Mechanics of the Delamination of Ceramic Functional
Coatings. Materials Science and Engineering: A, vol. A271, nos. 1-2, Nov. 1, 1999, pp. 62—69.
Teixeira, V., et al.: Analysis of Residual Stresses in Thermal Barrier Coatings. J. Mater. Process.
Technol., vol. 92-93, 1999, pp. 209-216.

Bao, G.; and Wang L.: Multiple Cracking in Functionally Graded Ceramic/Metal Coatings. Int. J.
Solids Struct., vol. 32, no. 19, 1995, pp. 2853-2871.

Nusier, S.Q.; Newaz, G.M.; and Chaudhury, Z.A.: Experimental and Analytical Evaluation of
Damage Process in Thermal Barrier Coatings. Int. J. Solids Struct., vol. 37, 2000, pp. 2495-2506.
Wellman, R.G.; and Nicholls, J.R.: Some Observations on Erosion Mechanisms of EB PVD
TBCS. Wear, vol. 242, 2000, pp. 89-86.

Holman, J.P.: Heat Transfer. McGraw-Hill Book Company, New York, 1976.

NASA/TM—2007-214920 11



Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this
burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB
control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
01-07-2007 Technical Memorandum

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Environmental/Thermal Barrier Coatings for Ceramic Matrix Composites: Thermal Tradeoff

Studies

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Murthy, Pappu, L.M.; Brewer, David; Shah, Ashwin, R.

5e. TASK NUMBER

5f. WORK UNIT NUMBER
WBS 984754.02.07.03.11.03

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
National Aeronautics and Space Administration REPORT NUMBER
John H. Glenn Research Center at Lewis Field E-16142

Cleveland, Ohio 44135-3191

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORS
National Aeronautics and Space Administration ACRONYM(S)
Washington, DC 20546-0001 NASA
11. SPONSORING/MONITORING
REPORT NUMBER

NASA/TM-2007-214920

12. DISTRIBUTION/AVAILABILITY STATEMENT
Unclassified-Unlimited
Subject Category: 24

Available electronically at http://gltrs.grc.nasa.gov
This publication is available from the NASA Center for AeroSpace Information, 301-621-0390

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Recent interest in environmental/thermal barrier coatings (EBC/TBCs) has prompted research to develop life-prediction methodologies for
the coating systems of advanced high-temperature ceramic matrix composites (CMCs). Heat-transfer analysis of EBC/TBCs for CMCs is an
essential part of the effort. It helps establish the resulting thermal profile through the thickness of the CMC that is protected by the
EBC/TBC system. This report documents the results of a one-dimensional analysis of an advanced high-temperature CMC system protected
with an EBC/TBC system. The one-dimensional analysis was used for tradeoff studies involving parametric variation of the conductivity;
the thickness of the EBC/TBCs, bond coat, and CMC substrate; and the cooling requirements. The insight gained from the results will be
used to configure a viable EBC/TBC system for CMC liners that meet the desired hot surface, cold surface, and substrate temperature
requirements.

15. SUBJECT TERMS
Life prediction; Environment barrier coatings; Thermal barrier coatings; Spalling; Sintering; Oxidation; Cracking; Heat transfer
analysis; Convective heat flow; Conduction; CMC substrate; Environmental effects

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
ABSTRACT OF Diane Chapman

a. REPORT b. ABSTRACT c. THIS PAGES 19b. TELEPHONE NUMBER (include area code)

U 8] BAGE 17 216-433-2309

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39-18









	E-16142 Cover.pdf
	E-16142 TM.pdf
	E-16142 RDP.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




