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INTRODUCTION

The objective of this program is to develop a zirconia based thermal barrier
coating (TBC) system for use in high heat flux rocket applications such as
the Space Shuttle main engine (SSME) thrust chamber. The technology developed
is also pertinent to other applications such as hot components in the gas
turbine engine. Previous TBC development and test has concentrated on ceramic
overlays ranging from 0.25 mm to 0.38 mm in thickness. The high heat fluxes
encountered in high pressure rocket engines dictate that thinner, 0.012 mm to
0.10 mm, coatings be used to avoid surface melting and mechanical failure of
the coating.

The plasma sprayed TBC required in this application is a complex structure.
No currently accepted model is known that relates coating performance to
thickness and to controllable process variables. The use of very thin coat-
ings, such as those under consideration, is particularly complicated. Four
examples of this complexity are given below. These illustrate some of the
difficulties that were anticipated in the practical and the analytical
development program.

1.  Structures are frequently two phase (e.g., monoclinic plus trans-
formable tetragonal in the case of =zirconia) and may vary from
point to point.

2. Each successively deposited grain impacts a surface whose tempera-
ture may increase as coating thickness increases.

3. Defects (e.g.,pores) are of significant size in relation to coating
thickness so that bulk or average coating properties may not be
appropriate.

4, Individual grain size of the plasma spray powder approaches total
coating thickness as does the normal surface roughness of plasma
sprayed coatings.
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PROCEDURES

2.1 LABORATORY MATERIALS AND PROCEDURES

The coating system selected for evaluation in this study was a copper sub-
strate, NiCrAlY bond coat and yttria stabilized zirconia ceramic thermal
barrier. This bond coat/ceramic combination has been extensively investigated
as a TBC for heat engines and shows great promise as a reliable coating.

The coating deposition performed in this study was accomplished using a Metco
M plasma system. During the program, deposition parameters such as gas flow,
power levels, standoff, etc. were varied. The methods used to define these
variations, and tests used to establish the resulting effects on coating
properties, are given in this section.

2.1.1 Powder Specification and Preparation

The powder materials used in this study were as follows:

Bond Coat = Amdry powder #961
18.3% Cr, 5.8% Al, 0.5% Y, bal. Ni
-170 + 325 mesh

Ceramic TBC = Cerac Zirconium Oxide-Yttria Stabilized powder
Zr09.8Y504
-325 mesh

The ceramic powder was determined to have the following size distributions:

+100 mesh - trace
-100 + 140 mesh - 4%
-140 + 200 mesh - 30%
-200 + 325 mesh - 61%
-325 mesh - 5%

Early tests indicated that narrowing the particle size range within that of
the starting material had a negligible effect on coating structure. Thus,
the as-received material was used in this study.



2.1.2 Plasma Variables

The following deposition parameters were varied during the test program. The
effects of each variable on coating structure were evaluated by metallurgical
examination. :

Arc Current

During the program, current to the plasma gun was varied over a range of 300
to 1000 amperes. The current was measured at the control console using a 50
millivolt shunt and meter. Calibration tests indicated that, with manual
correction for drift by the operator, an accuracy of +25 amperes could be
maintained during a test run.

Arc Voltage

Arc voltage was also monitored at the control console and these values are
reported to an accuracy of +2.5 volts. Voltage measurements at the gun input
connections showed a voltage drop of 1 to 3 volts in the water cooled power
cables. The voltage drop to the gun was dependent upon the current.

Plasma and Carrier Gas Flows

The flow of plasma on carrier Porter gas was controlled by Fisher purge
meters. Pressure at the meters was maintained at 689 kPa. Flow was regulated
by needle valves giving a reproducibility of +5%.

Powder Feed Rate

Powder feed control utilized a Model 1250 Plasmadyne hopper. This unit
incorporates a metering disc with a digital speed readout to introduce powder
into the carrier gas stream. Delivery rates were periodically verified by
collecting and weighing the powder from the delivery tube over a period of
thirty minutes. In addition, the initial weight of powder introduced into
the cannister was recorded and at the completion of the test, the weight of
powder remaining was established. The difference in these two weights was
recorded. The latter method was subject to errors resulting from material
retained in the powder feed system after emptying the cannister.




Deposition Rates

The rate of coating deposition was established by direct measurement. The
plasma gun was traversed at a constant rate for a specified number of cycles.
Thickness measurements were made after every five cycles to determine if
deposit rates were constant. At completion of the test, metallurgical sec-
tions were made to verify coating thickness.

Nozzle Effects

The effect of changing the plasma nozzle (anode) were determined using the
various configurations supplied for the Metco 7M system. No modifications
were made in the base or configuration. Data supplied by the manufacturer
were used as a guide 1in establishing basic operational characteristics.

2.1.3 Property Measurement

Density/Porosity

Five methods were used to determine coating density. In initial trials, test
specimens were weighed before and after coating. The increased weight was
attributed to the coating deposit. Coating thickness and area measurements
were then made, the apparent volume calculated, and the apparent density
(weight divided by volume) reported.

Porosity of the coating was also determined by immersing pre-weighed coated
specimens in boiling water. The heat was removed and the water cooled to
room temperature. The specimens were then removed from the water, excess
water removed and the specimen rapidly weighed. The gain in weight was attri-
buted to water entrapped in pores, the pore volume was then calculated using
the known density of water.

The third and fourth methods used for determining coating density required
the preparation of metallurgical coating sections. Test specimens were
sectioned and photomicrographs were made, usually at 100X magnification.
From these photomicrographs, porosity was established by photometrically
comparing average reflectance of the coating section with the nonporous sub-
strate and by direct measurement of the average pore area in a unit area of
coating.

The fifth method used to determine density was by direct measurement. The
area of a rectangular coated specimen was measured. The substrate and bond
coat (if used) were carefully removed by chemical etching and the coating was
weighed after rinsing and drying. The specimen was then mounted and polished
for metallographic examination and coating thickness measurement. The volume
of the coating was then calculated from this data and the density calculated
using the previously determined coating weight.
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Coating Thickness

Because of the extremely thin coatings being evaluated, thickness measurement
required a high degree of precision. During the coating process, measurement
of coating thickness was approximated using a micrometer. These measurements
were limited to +0.013 mm by the roughness and irregularities in the coating.
More precise measurements were made after coating the specimens using a
metallurgical section and a microscope with a calibrated eyepiece.

Coating Strength

Coating strength was determined using a four point bend test (see Fig. 1).
The analytical methods used to determine the coating stresses developed
during this test are described in Appendix 1.

Copper specimens 0.81 mm thick x 13 mm wide x 76 mm long were coated on one
side with a 0.03 mm NiCrAlY bond coat. A yttria stabilized TBC was then
applied over this bond coat at selected thicknesses ranging from 0.02 mm to
0.15 mm. The specimen was then placed on two knife edge supports spaced a
distance of 51 mm apart. For tensile loading of the coating the coated
surface was placed on the supports and for compressive coating loads the
coated surface was placed opposite from the supports. . The specimen was then
loaded symmetrically by knife edges spaced 25 mm apart at a rate of 0.08
mm/second until coating failure occurred as evidenced by an abrupt decrease
in the load required to maintain a constant rate of strain. Deflection was
initially measured using a dial gauge mounted directly below the mid-point of
the specimen. Subsequent tests used crosshead travel during loading to
monitor specimen deflection.

Coating Test Section
Pl2 | 25¢cm PI2 9
/ 0.025
to

: 0.100 cm
Copper Substrate 0.076 cm *
RE 77%7 | 7#77 *
cm
]-< 5.1cm )—l
P = Appilied Load

Side View Front View

Figure 1. Schematic of Four Point Flexure Test




Thermal Diffusivity and Conductivity

Thermal conductivity of the coatings were measured at Purdue Laboratories
using a laser heat pulse technique. A detailed discussion of this technique
is given by Taylor (Ref. 1).

For this measurement, copper specimens 13 mm x 13 mm x 1.6 mm thick were
coated on one side with the TBC to be tested. Coating thickness was a nominal
0.18 mm. A thermocouple was attached to the uncoated surface of the specimen,
the assembly furnace heated to the desired test temperature and a laser heat
pulse applied to the coating. Temperature rise of the back face as a function
of time was measured. This, combined with coating and substrate thicknesses,
densities and specific heats enabled the calculation of diffusivity and
conductivity using the methods described by Taylor in the previously cited
reference.

2.1.4 Calorimeter Testing

A water cooled calorimeter was used to measure average heat flux from the
plasma torch, heat flux during coating deposition and the reaction of the
coatings to high heat inputs. This calorimeter, shown in Figure 2, consists
of two water cooled copper components. The first is the central test area
and the second is the outer guard ring used to shield areas other than the
test surface from external influences. In operation, a constant metered flow
of water is supplied to the test area, and water inlet and outlet temperatures
are monitored. The calorimeter is inserted into the plasma flame and the
heat absorbed by the cooling water is presumed to be the total heat input
over the test area.

The calorimeter data is then converted to heat flux in the following manner:

Q = (0.279) (W) (AT)

Water
in

md?2
Plasma Sprayed Al203 Seal )
[ 5
- -~ Ea) Thermocouple
-~ ey Pl
4

A
N v
Out

Figure 2. Calorimeter



Q = heat flux (watts/mmz)
AT = Tinlet - Toytlet (°C)

W = water flow ?grams/m1n )

d = test diameter (mm)

2.1.5 Residual Stress and Stress Free Temperature

Residual stress in the coating was evaluated using the techniques described by
Andrews (Ref. 2). The model is shown in Figure 3 and the symbol definitions
are given below:

Subscript (1) ceramic
Subscr1pt (2) copper
coefficient of thermal expansion

E modulus of elasticity

I moment of inertia

h total composite thickness
ay ceramic thickness

copper thickness
active length

s3]
™o
wowonwononow woun

r radius of curvature = L2/2
& tangential deflection
Sq stress in ceramic
L
2 a4

Deflection

Coating

Substrate

Figure 3. Residual Stress Model
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AT

TsF
This approach was initially developed for calculation of stresses in porcelain

enamels and fits well with the requirements of thin TBC's. The methodology is
described by the following equation:

specimen width

Tsk - Tambient
stress-free temperature

-20 2 a1Eq
S1 = —— | (Eily + Eplp) + — (1)
L hal 2

Since deflection (5) can be measured directly, equation (1) is easily applied.

For most calculations EjI{ and ajE; are small and can be omitted from the
calculation, reducing equation (1) to:

-45 Egly
5) = 2L (2)
L ha1
where
3
- ba 3
I 7 (3)

The stress-free temperature of the system is calculated from the bi-metallic
relationship:

(@, - @) (AT)L?

6 = K (4)
h
where
3(1 + m)2
K = - (5)
3(1+ m)2 + (1 +m) (2 + mn)
and
m o= ap/o (6)
n = Ep/Ep (7)
Hence:
‘ h
AT = (8)
@ - 4L



and

Tsp = AT+ 20°C \ (9)
For the purposes of these calculations the following constants were used:
E; = 45 x 10° kpa
E, = 117 x 10° kpa
@, = 7.15x 10'6/°C
a, = 17.6 x 107°/°C

The following procedures were used to obtain the deflection values (&) used
in these calculations. Copper test strips, 0.8 mm x 13 mm x 76 mm, were bond
coated with 0.03 mm of NiCrAlY on one side. The deflection, or chord height,
if any, was determined over the 50 mm midspan (L). The specimen was then
coated with the zirconia TBC and the measurement repeated. Any change in
curvature was recorded and the resulting value used to calculate the residual
stress in the coating.

Stress free temperatures were also calculated from this data. The results
were then confirmed by furnace heating the specimen to the calculated temper-
ature and determining if it returned to its original configuration.

Similar tests were performed using copper rings 68 mm in diameter rolled and
butt welded from 13 mm wide, 0.8 mm strips. The rings were vacuum annealed
at 760°C after bond coating to relieve initial forming and coating stresses.
After coating and segmenting, the change in diameter of the ring, due to the
coating process, was established and used in Equation (1) for an alternate
means of calculating residual stress.

2.1.6 Substrate Temperature

During trial coating application, the substrate temperature was monitored
using an Inconel sheathed chromel-alumel thermocouple, 0.76 mm in diameter.
The thermocouple was installed in the copper substrate by first drilling a
0.77 mm hole through the specimen and then inserting the thermocouple. The
edges of the hole were then staked to retain the thermocouple with its tip
flush with the surface to be coated. Then a NiCrAlY bond coat was applied to
bond the tip of the thermocouple to the substrate. Temperature recording was
done with a conventional strip chart recorder.

2.2 ANALYTICAL PROCEDURES
2.2.1 Coating System Performance Analysis

Finite element analyses, using the ANSYS code, were used to evaluate coating
system performance under simulated operating conditions. The coating system
model used for these analyses (shown in Fig. 4) simulates the coated thrust

10




MODELLED THROAT SECTION

bodonkovninndlo el lon L L

OXYGEN i

———— -

COMBUSTION CHAMBER EXHAUST

HYDROGEN

A\

COPPER WALL

Ll 2 L7 L7202

Figure 4a. Rocket Thrust Chamber

> TCold
Copper{ * tw
Bond é
Cera(r:anicZE J,.__‘__ T
I Hot
{ di
— ' = X

Engine Centerline

Figure 4b. Thrust Chamber Model

chamber wall of a rocket engine. This two-dimensional, axisymmetric model
represents a cross-section of the wall at the throat of the thrust chamber.
The elements used in this finite element model were two-dimensional, isopara-
metric, axisymmetric ring elements. Each element was defined by four nodal
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points and each node was defined by a radius and an axial location. For
thermal analyses, each node had a single degree of freedom: temperature.
For structural analyses, each node had two degrees of freedom: translations
in the radial and axial directions.

The finite element geometry for the thermal analyses was identical to that
for the structural analyses. This allowed the temperature distributions
which were derived from the thermal analyses to be directly translated to the
structural model.

The basic geometry of the thrust chamber model consists of a 66.04 mm internal
diameter (di) copper cylinder with a 0.889 mm wall (tw). Attached to the
inner surface of this cylinder is a 0.038 mm thick (tb) NiCrAlY bond coat,
and a variable thickness (tc) Zr0,8Y,03 ceramic coating. Ceramic coating
thicknesses from 0.0127 mm to 0.203 mm were investigated. The axial length
(£) of the model was 0.229 mm, although a 50.8 mm length was used in some of
the preliminary analyses.

The finite element model was divided into nine equal elements in the axial
direction, to accommodate axial variations in boundary conditions. In the
radial direction, the ceramic and bond coats were divided into three element
layers each, and the copper substrate was divided into six. This element
configuration resulted 1in element aspect ratios (axial length to radial
thickness ratios) from 0.375 to 6 in the ceramic coating, 2 in the bond coat
and 0.17 in the copper substrate. Use of the long (50 mm) preliminary model
resulted in element aspect ratios from 83 to 667 in the ceramic and 444 in
the bond coat. It is generally desirable to maintain an aspect ratio between
1 and 4, to ensure numerical accuracy. The effect of aspect ratio on the
accuracy of these analyses was evaluated by comparing results using the long
and short finite element models.

The three coating system materials were assumed to be homogeneous and iso-
tropic. Properties of all three materials were initially obtained from the
literature. These properties are listed in Table 1. In the final analyses,
measured material properties were substituted for literature values where
applicable. The temperature dependency of these material properties created
a non-linear problem. This required iterative analyses, with the solutions
defined using a specified measure of convergence.

A variety of thermal boundary conditions were selected for these coating
systems analyses. These conditions were intended to simulate the range of
anticipated operating conditions in a typical high pressure rocket engine
thrust chamber and to define an operating envelope based on coating material
limitations. Thermal boundary conditions were established in two ways: (1)
a hot surface temperature and a cold surface temperature were defined or (2)
a heat flux and a cold surface temperature were defined.

The outer surface of a typical rocket thrust chamber is cooled with liquid
hydrogen, which has a boiling point of -240°C at ambient pressure. Test data
indicate that the actual cold surface temperature of a rocket chamber during
operation is between 0 and 200°C. For these analyses, three cold surface
temperatures were evaluated: -240, 0, and 200°C. Heat fluxes in the range
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Table 1

Material Properties From the Literature (Refs. 10-16)

Thermal
Thermal Elastic ' Expansion
Conductivity Modulus Specific Heat Coefficient Density | Poisson's
Material (W/mK) (Gpa) (J/kg.K) (x 1076 /c) (g/cc) Ratio
Zr028Y203 2.2 x 10-4T + 1.09 45.06 - 0.0248T 317 + 0.813T 7.1844+0.003888T - 0.23
Ceramic Coating| (400<T<2200°K) (90°C<T<1200°C) | -9.55 x 107472 (90°C<T<1200°C)
+ 6.30 x 107713
(200°K<T<1500°K)
Solid Zirconia 2.708 - 5 x 10747 205 400 to 640 8.6 to 15.2 5.63 0.23 to
(stabilized (70°C < T < 1100°C) to 0.35
ZI'OZ ) 6.27
NicCralY Bond 8.3 x 107371 + 6.7 125.6-0.0149T 0.476 + 0.00086T{ 13.3182-0.0121T 6.98 0.23
Coat (400°K<T<1400°K) (30°C<T<550°C) -0.000001572 + 5.8729E-5T2
(90°C<T<1100°C) (90°C<T<1100°C)
Oxygen Free 391 117 0.39 5.4 8.94 0.350

Copper
Substrate




typically encountered in rocket thrust chambers, 50 to 165 W/mmZ, were also
used for these analyses. Typically values of 49, 82 and 164 w/mm2 were used.
Ceramic surface temperatures were evaluated in the range of 1000 to 2600°C
(Zr0,8Y905 melting point). A maximum desirable ceramic operating temperature
of 1650°C was established based on past experience, and this value was used for
most of the analyses in which a ceramic surface temperature was specified.

One structural boundary condition was imposed for these analyses: one radial
edge of the coating system model was restrained from movement in the axial
direction. This condition was held for all analyses. No external Tloads,
pressures, or displacements were imposed.

The thermal and structural boundary conditions are indicated graphically in
Figure 4, Examples of the ANSYS finite element input and output are included
in Appendix 2. The output from the thermal analyses consisted of heat flow
rates and temperature distributions. The output from the structural analyses
consisted of displacements, stresses, and reaction forces.

2.2.2 Coating Structure Analysis

The effect of coating microstructure on the thermal conductivity of a coating
was evaluated using the ANSYS finite element code. A two-dimensional, planar
model of a coating system was used for these analyses. This model, shown in
Figure 5, used a biaxial plane thermal element. Each element was defined by
four nodes having a single degree of freedom, temperature, at each node,

The model shown in Figure 5 represents a simplified porous coating structure.
This geometry was selected to facilitate the finite element modeling. The
model was essentially composed of "blocks" of coating material. Pores were
simulated by eliminating some of these blocks, 1in specified patterns.

The model used in these analyses simulates the basic coating system being
considered by NASA for rocket thrust chambers: a 0.889 mm thick copper sub-
strate with a 0.038 mm NiCrAlY bond coat and a variable thickness Zr0,8Y0;
ceramic coat. The material properties that were used are presented in Table 1.
The value of thermal conductivity for the ceramic in Table 1 was used for the
solid ceramic elements in the finite element model.

Boundary conditions for this model were established by specifying the hot
ceramic surface temperature and the cold copper surface temperature. To
maintain an accurate temperature gradient along the edges of the coating, the
nodes along each edge were coupled to similar nodes within the coating.

The effect of radiation across the individual pores was investigated using
this model. Radiation links were specified between the upper and lower sur-
faces of the pores. Radiative heat transfer was calculated from the standard
radiation function defined as follows:

q = 6ZFA (T} - T9)
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Figure 5. Finite Element Model of a Porous Coating
where:
o = Stefan-Boltzmann constant Ty = temperature of hot surface
Z = emissivity To = temperature of cold surface
. 2
F = geometric form factor
A = area
q = heat flow rate

The effect of coating microstructure on the thermal conductivity of ceramic
coatings was investigated using this finite element model. Various coating
structures were evaluated, having different pore sizes, pore shapes, pore

densities, etc. Each coating structure was characterized by three geometric
parameters: ’

1. Py - total porosity; the volume of pores divided by the total
coating volume (% of total volume)

2. Dp - dimension ratio; the pore length (axial) divided by the pore
thickness (radial)

3. Pj - pore size; total porosity divided by the number of pores
(% of total volume)

The goal of these analyses was to establish a relationship between the three
coating variables (Dp, Py, Pj) and effective thermal conductivity.
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The approach was to subject each coating structure to a fixed temperature
differential and calculate, using finite element analyses, the heat flow
through the coating., The effective thermal conductivity of each coating
structure was then calculated from

k = Qt/AAT
where

effective thermal conductivity of the coating

heat flow through the coating

overall area of coating model perpendicular to heat flow
temperature drop across coating ‘
coating thickness

A

o = O X
[T I TR O 11

The effective conductivity of each coating structure was normalized to the
maximum possible thermal conductivity. This maximum value was established by
analyzing a coating with no porosity. Thus, each conductivity is expressed
as a percent of maximum.

This analytical model of the coating structure did not consider thermal con-
tact resistance between layers of ceramic or between different materials. It
was anticipated that the effect of thermal contact resistance, and any other
unaccounted for phenomena, would be reflected in an empirical adjustment of
the analytical model. Conflicting reports as to the significance of thermal
contact resistance in TBC's have been observed in the literature (Ref. 3, 4).

2,2.3 Failure Strain Analyses

The four-point flexure test was initially evaluated using coating strength
data from the literature (Ref. 5). This reference quoted a compressive
failure strain of 0.78% in a Mg0-Zr0, coating, using a similar four-point
flexure test. It was calculated thatz%ardened copper could accommodate this
strain level without plastic deformation. An elastic stress-strain analysis
was thus derived, for a composite beam, to evaluate the failure strains in
the coated specimens.

Preliminary testing with the four point flexure test for measuring coating
strengths revealed that plastic deformation of the copper substrate occurred
before coating failure. The initial stress-strain analysis, derived for an
elastic composite beam specimen, was then replaced by a more sophisticated
analysis which accounted for plasticity in the copper substrate. This analy-
sis is described in Appendix 1 with the computer program created to perform
the numerical solution.
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2.3 COATING OF SUBSCALE THRUST CHAMBER

Initial development work on this program was accomplished using flat spec-
imens and a standard plasma spray gun configuration. The test chambers were
66 mm diameter cylinders and were not accessible to the standard gun configur-
ation. A 61 cm small bore extension gun was therefore used to coat these
chambers. The two gun configurations are shown in Figure 6.

In the conventional configuration, the electrode, plasma gas flow and coating
deposition were along a single axis normal to the coated surface. Gun stand-
off was varied over a range of 50-100 mm to aid in process control. The
small bore coating equipment deflects the plasma gas stream at an angle of
45° to the gun axis, and to the coated surface. Gun standoff was limited by
the cylinder ID. Further coating development tests were required to produce
equivalent coatings with changed equipment.

The evaluation procedure consisted of first establishing three coating struc-
tures using conventional test specimens as described in Section 2.1.2.
Metallurgical and material property evaluations were used to characterize each
coating, Test rings 66 mm in diameter, formed from 0.81 mm thick copper
strips, were then coated using the angle extension. Using the previously
determined power levels, the gas flows and powder feed rates were varied until
equivalent structures were obtained with the internal diameter equipment.
In addition, the ring was periodically reversed relative to the gun entry end
to compensate for the 45° impingement angle and offset the shadowing effects
of previously deposited coating particles.

To verify coating quality on the test cylinder, extensions of the same diam-
eter were attached to each cylinder and coated simultaneously using the
settings established by the previous ring tests. After the coating operation
was completed, these extensions were removed, sectioned and evaluated metall-
urgically.

The use of thermocouples to measure substrate temperatures during deposit was
not feasible due to the double wall construction of the test chamber. Temper-
ature recorders* in the form of adhesive strips which indicated the maximum
temperature by a permanent color change were located in selected locations on
the thrust chambers. These provided information on the maximum temperature
developed during the coating operation.

The fixture used to coat the chamber is shown in Figure 7. The thrust chamber
was located on a variable speed, rotating head. For control of substrate
temperature, a controlled cooling air flow was introduced through the fuel
line fittings on one end. Exhaust air temperature was monitored to further
insure part-to-part repeatability.

* - Manufactured by Tedatemp Corporation, Fullerton, CA
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- (A) Metco 7MB Direct Spray Gun

(B) Metco 7MBT-12 45 Degree Angle Spray Gun

Figure 6. Two-Gun Configurations

The procedure consisted of mounting the thrust chamber as shown and abrasive
blasting the internal diameter while rotating the assembly. The bond coat
and ceramic overlay were then plasma sprayed using the angle extension. The
operation was interupted during application of both the bond and ceramic
coats after a thickness of 0.01 mm had been applied. The chamber was removed
from the fixture and remounted on the opposite end to compensate for the
directionality of the spray and provide a more uniform coating structure.
This reversal was repeated periodically throughout the coating cycle after
each 0.01 mm, until full coating thickness was achieved.
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Figure 7.

Coating Fixture
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3

RESULTS

3.1 PLASMA DEPOSITION VARIABLES

Results of tests to determine the effects of plasma deposition parameters on
TBC's are reported in Sections 3.1 and 3.2. Section 3.1 reports the general
effects of varying process parameters on the resulting coating. These tests
were used to select three sets of deposition parameters for material property
evaluation, The results of the property measurements for the three coatings
are given in Section 3.2.

3.1.1 Effect of Plasma Gas Flow on Coating Characteristics

For these tests the basic parameters presented in Table 2 were used with the
Metco 7M system for deposition of the NiCrAlY bond coat.

The first variable selected was plasma gas flow. The results of these tests
are presented in Table 3 and Figures 8 through 16. At this time no attempt
was made to optimize the coating but only to determine the effect of an
individual parameter (gas flow) on coating structure.

Based on thickness measurements alone, coating deposit rate was established
as a function of plasma gas flow. The deposit rate decreased steadily with
increasing gas flow. At a gas flow of 2.69 m3/hr no measurable deposit could
be obtained.

The photomicrographs shown in Figures 8 through 16, illustrate the effect of
gas flow on coating structure. At the lowest gas flow (1.70 m3/hr) coating
buildup was irregular with large voids. The asperities visible in Figure 8
show the peaks that give rise to the apparent rapid coating buildup. As flow
was increased, the coating tended towards a denser structure with some large
voids. At a gas flow of 2.12 m3/hr the spherical unmilled particles observed
at Tower gas fiow tended to disappear although some porous regions existed in
the coating as shown in Figure 11. The most uniform coat1ng obtained with
these parameters was developed at a gas flow of 2.26 mS/hr. As the gas flow
was further increased, the coating tended to deteriorate w1th only the larger
particles having depos1ted At the maximum flow of 2.69 m3/hr only an occa-
sioga] deposited particle was observed and the substrate was significantly
oxidized.

Similar tests were performed to determine the effect of plasma gas flow on
the ceramic coating structure. For these test the parameters in Table 4 were
used as a starting point.
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Table 2

Basic NiCrAlY Test Parameters

Current 500 amperes
Voltage 60 volts
Argon Flowrate Variable
Hydrogen Flowrate 0.28 m3/hr
Standoff Distance 3.1 cm
Powder Port No. #2
Carrier Argon Flowrate 0.28 m3/hr
Powder Feedrate 5.7 gm/min,
Cooling Air Jet Pressure 550 kPa
Nozzle Model No. 713
Traverse Rate 2.5 cm/sec
Substrate Material 0.81 mm copper
Table 3

Effect of Plasma Gas Flow on Deposit Rate of NiCrAlY

Gas/Flow Deposit Rate

(m3/hr) (mm/traverse)
1.70 0.016
1.84 0.012
1.98 0.0074
2.12 0.0064
2.26 0.0031
2.40 0.0021
2.55 0.0010
2.69 *

*Too small to measure.

Monitoring of the substrate temperature during coating deposition was accomp-
Tished using a 1.6 mm Inconel sheathed thermocouple inserted into a hole
drilled through the specimen. It was located so that its tip was flush with
the substrate surface.

A photomicrograph of the baseline ceramic coating is shown in Figure 17. The
average thickness of the ceramic is 0.09 mm. The individual coating particles
can be distinguished at 1000X magnification. The majority of the particles
have been flattened by impact to an average thickness of 0.005 mm.
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Figure 8.

Figure 9.

i

Magnification: 100X

NiCrAlY Bond Coat Applied for 12 Cycles at a Gas
Flow of 1.70 m3/Hour

NiCrAlY

Magnification: 100X

NiCrAlY Bond Coat Applied for 12 Cycles at a Gas
Flow of 1.84 m3/Hour
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- NiCrATY

<+«—— Substrate

Magnification: 100X

Figure 10. NiCrAlY Bond Coat Applied for 12 Cycles at Gas
Flow of 1.98 m3/Hour

<«+— Substrate

Figure 11. NiCrAlY Bond Coat Applied for 12 Cycles at a Gas
Flow of 2.12 m3/Hour
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Figure 12.

3

Magnification: 100X

NiCrAlY Bond Coat Applied for 12 Cycles at a Gas
Flow of 2.15 m3/Hour

Figure 13.

Magnification: 100X

NiCrAlY Bond Coat Applied for 12 Cycles at a Gas
Flow of 2.26 m3/Hour '
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<«—— Bond Coat

+——Substrate

Magnification: 100X

Figure 14, NiCrAlY Bond Coat Applied for 12 Cycles at a Gas
Flow of 2.40 m3/Hour

«—>bond Coat

-——-Sybstrate

Magnification: 100X

Figure 15. NiCrAlY Bond Coat Applied for 12 Cycles at a Gas
Flow of 2.40 m3/Hour
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. Bond Coat

<«+—— Substrate

Magnification: 100X

Figure 16. NiCrAlY Bond Coat Applied for 12 Cycles at a Gas
Flow of 2.69 m3/Hour

Table 4

Baseline Ceramic Coating Spray Parameters

Current 400 amps
Voltage 50 volts
Argon Flowrate 1 m3/hr
Hydrogen Flowrate 0.23 m3/hr
Standoff Distance 10.2 cm
Cooling Air Pressure 551 kPa
Deposit Rate (avg) 0.008 mm
Traverse Rate 2.5 cm
Powder Feedrate 3.0 gms/min.
Substrate Temperature 97-119°C
Coating Thickness 0.10 mm

Some voids and numerous microcracks are also visible. Increasing the plasma
gas flow to 1.15 m3/hr and then to 1.43 m3/hr did not produce a visible change
in microstructure. However, it was observed that this gas fiow rate increase
decreased the rate of deposition by 42 percent. The substrate temperature
also increased with increasing gas flow, by 80°C in the first case and by

13°C in the second.
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Magnification: v200X

Magnification: 1000X

Figure 17. Baseline Thermal Barrier Coating (Mount No. 5263)

3.1.2 Standoff Distance Effects

The effects of standoff distance (distance between gun and substrate) are
tabulated below. This data was generated using the baseline parameters given

in Table 4,
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Substrate Deposit Rate

Standoff Temperature (per cycle) Effect on Coating Structure
10.2 cm* 97-119°C 0.008 mm Figure 17

9.0 cm 108-128°C 0.008 mm Slight porosity decrease

7.6 cm 144-167°C 0.008 mm Larger interlaminar structure
11.4 cm 129-153°C 0.003 mm Large particles entrapped

*Baseline coating

Decreasing the standoff distance to 9.0 cm increased the coating density
slightly as shown in Figure 18. The substrate temperature also increased to
a maximum of 132°C. Further reducing the standoff to 7.6 cm increased the
size of the agglomerated particles and caused wider laminar separations as
shown in Figure 19. Substrate temperature also increased to a maximum of
167°C during coating.

Increasing gun standoff to 11.4 cm produced a coating with poor integrity as
shown in Figure 20. During normal plasma spraying, with the selected spray
parameters, the cooling jet was adjusted to impinge at the point where the
plasma hit the substrate. The jet served to cool the substrate and to remove
unmelted nonadherent particles.

Magnification: 1000X

Figure 18. Thermal Barrier Coating With Gun Stand-off Distance of
9.0 cm
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Magnification: 1000X

Figure 19. Thermal Barrier Coating With Gun Stand-off Distance
of 7.6 cm

Magnification: 1000X

Figure 20. Thermal Barrier Coating With Gun Stand-off Distance
of 11.4 cm
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At 11.4 cm the effectiveness of the jet was greatly diminished. Large unmelted
particles were entrapped in the coating and the substrate temperature in-
creased to a maximum of 153°C, approximately midway between the temperature
observed at 7.6 cm and 9.0 cm. Also, particle temperatures decreased to the
point where interparticle bonding was decreased. Deposit efficiency also
dropped to 40 percent of that recorded at the baseline standoff.

Attempts to spray at standoffs greater than 11.4 cm were unsuccessful. No
measurable deposit was obtained.

3.1.3 Arc Voltage Effects on Coating Structures

In the plasma spray system, arc voltage (a dependent variable) is a function
of the plasma gas composition. As the amount of hydrogen in the argon/hydrogen
plasma gas mixture is raised, gas enthalpy, heat transfer and arc voltage all
increase. For practical reasons, this effect is generally controlled by
adding sufficient hydrogen to produce the desired voltage. Data is therefore
reported on the basis of voltage. '

The baseline parameters in this study are those reported in Table 2 except
that hydrogen flow was adjusted to vary the voltage. Results are summarized
below:

Substrate ,
Temperature Deposit Rate :
Voltage (°C) (mm per Cycle) Effect on Coating Structure
60* 97-119 0.008 Figure 17
66 108-130 0.008 None definable
72 149-171 0.007 Slight densification
78 - 143-152 0.006 Laminar separation

*Baseline coating

Increasing the voltage from the baseline of 60 volts to 66 volts had no
visible effect on coating quality. A substrate temperature increase of 11°C
was observed, The coating is shown in Figure 21. When the voltage was
raised to 72 volts (Fig. 22) interlaminar bonding appeared to improve and the
size of the large voids was reduced. Also, less evidence of ceramic bond
coat voids was evidenced. The substrate temperature also increase by 52°C.

Further increasing the voltage to 78 volts tended to produce laminar separa-
tion in the coating. The deposit rate decreased by 29 percent and substrate
temperatures were 5°C lower than at 72 volts, due to the lower density of the
coating. Voltage could not be increased beyond this point due to equipment
limitations.

The effect of voltage on the bond coat was established using a 61 c¢m angle
extension gun. This unit was selected for these tests since it was capable of
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Figure 21.

Magnification: 1000X

Thermal Barrier Coating With Plasma Arc Voltage of 66 Voits

Figure 22.

Magnification: 1000X

Thermal Barrier Coating With Plasma Arc Voltage of 72 Volts
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coating the 6.6 cm base of a test thrust chamber.

were used as a baseline for these tests.

Table 5

Baseline, Angle Extension Spray Parameters

Current

Voltage

Argon Flowrate
Hydrogen Flowrate
Standoff Distance
Powder Port Type
Carrier Gas Flowrate
Powder Feedrate
Anode Model
Traverse Rate
Deposit Rate

500 amperes
45 volts

1.7 m3/hr
0.8 m3/hr
3.2 cm

#2

0.28 m3/hr
0.098 gm/sec
#713

2.5 cm/sec
0.0025 mm/traverse

The parameters in Table 5

Table 6

Effect of Voltage on Bond Coat Structure

Hydrogen
Flowrate Deposit Rate Deposit Width
Voltage (m3/hr) (mm/cycle) (mm)
45 0.085 0.0025 not definable
50 0.20 0.0051 3.
55 0.33 0.010 4.8
60 0.51 0.020 6.4
65 0.65 0.028 6.4
70 0.76 0.033 7.9
75 0.82 0.038 7.9

Table 6 summarizes the measured results of these tests. The relationship
between arc voltage and hydrogen flow proved to be linear. The width over
which the deposit occurred also increased linearly with increasing hydrogen.
The width measurement was made directly using a machinists scale. Thus, the
accuracy of this measurement is limited. The increase over a 5 volt range
was less than the measured accuracy (+0.5 mm) making this relationship less
definitive. The deposit rate increased rapidly over the 55 to 65 volt range
indicating that this range is especially sensitive to voltage variations.
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The effect of voltage variations on bond coat deposition is shown in Figure
23 to Figure 29. In each case the plasma spray gun was traversed across the
specimen twelve times.

In Figure 23 the arc voltage was 45 volts. There is no visual evidence of
bond coat deposition. Oxidation of the substrate is apparent. At 50 volts,
coating deposition has begun. In Figure 24 small local areas evidence indi-
vidual particle deposition. The coating is sporadic and again the copper
substrate is oxidized. The effect of increasing the voltage to 55 volts is
evident in Figure 25, where significant bond coat deposition has occurred.
The oxidation of the substrate observed in the two previous specimens is
absent and the bond-substrate interface is relatively clean. (In viewing
these photomicrographs the main deposit is in the central third. Material at
each end is overspray.)

At 60 volts the coating thickness is nearly twice that of the coating depos-
ited at 55 volts. The substrate is just beginning to evidence overheating at
the edges. The effect of the 45 degree plasma jet impingement angle is also
evident. The coating buildup slopes to the left with elongated voids that
are created by the masking effects of previously deposited particles. With
the voltage increased to 65 volts, the coating substrate bond shows evidence
of significant oxidation. Wide variations 1in coating density were also
observed, ranging from large porous areas to high density regions.

Magnification: 100X

Figure 23. Substrate After 12 Traverses at 45 Volts
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Figure 24, Substrate After 12 Traverses at 50 Volts
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Magnification: 100X
Figure 25. NiCrAlY Deposit After 12 Traverses at 55 Volts
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Magnification: 100X
Figure 26. NiCrAlY Deposit After 12 Traverses at 60 Volts
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Magnification: 100X

Figure 27. NiCrAlY Deposit After 12 Traverses at 65 Volts

36




Figure 28.

Magnification: 100X

NiCrAlY Deposit After 12 Traverses at 70 Volts

Figure 29.

Magnification: 100X

NiCrAlY Deposit Ater 12 Traverses at 75 Volts
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At 70 volts, Figure 28, the coating exhibited some densification with large
voids. The substrate-coating interface is severely oxidized indicating poor
adherence. The slope of the voids and deposit to the right is evidence of
the 45 degree spray angle.

The deposit at 75 volts (Fig. 29) is similar to that at 70 volts. Void size
has increased but the coating is more uniform, particularly at the bond line.

3.1.4 Effect of Arc Current on Structure

Varying the arc current independently within normal operating parameters had
little effect on coating structure. With the equipment configuration used
for this test, operating current is limited to the range of 350-500 amperes.
The ceramic baseline coating sprayed at 400 amperes was shown in Section
3.1.1. The current was reduced to 350 amperes for the specimen shown in
Figure 30. Little, if any, differentiation can be made between it and the
baseline coating that is attributable to the lower current. A coating sprayed
at 475 amperes (Fig. 31) showed little change in structure. A slight tendency
of the voids towards a spherical shape was observed but this could not be
established on a reproducible basis. Additional tests with higher currents

Magnification: 100X

Figure 30. Thermal Barrier Coating With Plasma Arc
Current of 350 Amperes
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Magnification: 1000X

Figure 31. Thermal Barrier Coating With Plasma Arc Current
of 475 Amperes

were performed as described separately in Section 3.1.6. These entailed the
use of a different anode to allow operation at 80 kW where other modifications
to the operating parameters masked the effect of arc current alone.

3.1.5 Anode Selection Effects

The water cooled copper anode used in a plasma spray gun also functions as a
nozzle for controlling and ducting the plasma gas flow. Design of this
component is one of the primary factors in determining the exit gas velocity
and maximum arc current that can be used. The data in Table 7 was supplied
by Metco Inc. as a guide for evaluating the performance characteristics of
the various anodes available for the 7M system.

Trial coatings were sprayed with two of these anodes using the parameters
given in Table 8. Manufacturer recommended parameters were used in each
case. A baseline coating deposited with the GH anode is shown in Figure 32.
This structure is typical of the thin coatings developed during this study.

The type 700 anode is similar to the GH but is operated at higher power levels.
A bond coat deposited using this anode is shown in Figure 33. Coating thick-
ness developed more rapidly using the 700 anode than with the type GH anode.
The deposit also evidenced greater porosity and oxidation than the baseline
(GH anode) coating. No obvious benefit in coating quality was observed with
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Table 7

Plasma Spray Anode Performance Characteristics

Maximum Electrical

Parameters Plasma Nozzle

Gas Exit Life

Anode | System | kW [ Amps | Volts | Velocity | (hrs)
GH A/Ho 37 500 75 1829 25
700 A/Hp 42 600 70 1768 20
703 A/Ho 45 600 75 2621 15
704 A 58 1000 58 2835 30

Table 8

Effect of Anode Selection

Current Voltage |Power| Standoff | Thickness
Coating | Anode | (amperes) | (volts) | kW (cm) {mm)
Bond GH 500 65 32 10.0 0.025
Ceramic GH 450 50 22 7.6 0. 025
Bond GH 400 50 20 10.0 0.051
Ceramic 704 1000 54 54 7.6 0.025
Bond 704 1000 52 52 10.0 0.130

this anode. Operating the 700 anode at lower power levels produced coatings
similar to those obtained with the type GH anode.

The type 703 anode operated at 45 kW produced excessive substrate oxidation
as shown in Figure 34. Severe oxidation pits are visible in the copper
substrate, and unmelted particles are evident where particle melting and
vacuum fusion of the NiCrAlY produced entrapped voids. The laminar structure
normally seen in these structures is not evident,

Two examples of coatings applied with the type 704 anode are shown in Figures
35 and 36. A zirconia coating applied over a standard bond coat is shown in
Figure 35, and Figure 36 shows just a NiCrAlY bond coat applied with the type
704 anode. In both tests the deposit rate was low, and thin dense coatings
resulted. Severe oxidation occurred at the bond coat-substrate interface,
indicating overheating. The bond coat applied under these conditions was
also rich in oxides. No indications of coating improvment were obtained with
these special anodes and it was decided to continue tests with the standard
GH anode.
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Magnification: 500X

Figure 32. Baseline Coating Applied with a GH Anode

Magnification: 500X

Figure 33. Bond Coat Deposited at 42 kW With A Type 700 Anode
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Magnification: 500X
Figure 34. Bond Coat Applied at 45 kw With a Type 703 Anode

Magnification: 500X

Figure 35, Zirconia Applied to the Baseline Bond Coat With a
704 Anode at 58 kW

Figure 36. Bond Coat Applied With a Type 704 Anode at 58 kw
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3.1.6 Effect of Traverse Rate

The baseline traverse rate used in these tests was 2.5 cm/sec. This was
reduced incrementally to 1.2 cm/s. No visible change was found in the coating
microstructure. However, as traverse rate was decreased, substrate tempera-
ture increased. At 1.2 cm/s this increase amounted to 12°C. This slight
increase in substrate temperature did not visibly affect bond quality.

3.1.7 Powder Feed Rate

Zirconia feed rate was varied over the range of 0.04 to 0.09 gm/s. The base-
line value was 0.05 gm/sec. Reproducible feed rates lower than 0.04 gm/s
could not be achieved. The reduction in feed rate below baseline (Fig. 37)
did not affect the coating microstructure. As feed rates were increased,
Taminar voids developed as shown in Figures 38 and 39. At feed rates higher
than 0.09 gm/s deposit efficiency decreased, as evidenced by visible, unmelted
particles bouncing off the fixture and substrate. Generally, it was found
that the lower the feed rate the more uniform the coating, with a correspond-
ing reduction in unmelted particles in the coating,

Magnification: 1000X

Figure 37. Thermal Barrier Coating With Powder Feed Rate
of 0.04 gms/sec

43



Magnification: 1000X

Figure 38. Thermal Barrier Coating With Powder Feed RAte of 0.062 gms/sec

Magnification: 1000X

Figure 39. Thermal Barrier Coating With Powder Feed RAte of 0.09 gms/sec
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3.2 PROPERTY MEASUREMENT

Based on the laboratory data from the studies performed in Section 2, three
sets of ceramics and one set of bond coat deposition parameters were selected
for further study. The parameters are given in Table 9. Examples of coated
specimens used for property measurement testing are shown in Appendix 3.

Table 9

Plasma Spray Parameters Selected for Coating Property Measurements

Ceramic | Ceramic | Ceramic
Coating | Coating | Coating | Bond
#1 #2 #3 Coat

Current (amps) 400 500 600 500
Voltage (volts) 50 65 70 65
Power (kW) 20 32 42 32
Argon (m3/hr) 2.97 2.97 4,25 5.66
Hydrogen (m3/hr) 0.085 0.14 0.20 0.11
Stand-0ff (cm) 6.4 6.4 6.4
Plasma Velocity (m/s) 25.4 30.5 43.7 32.5
Powder Port No. 2 No. 2 No. 3 No. 2
Cooling Air (kPa) 551 551 551 551
Nozzle GH GH 703 GH

The same bond coat parameters were used in all tests to apply a nominal 0.025
mm coating to the copper substrate. Substrate temperatures were held within
the range of 97 to 120°C during coating application. Higher substrate tempera-
tures caused excessive oxide formation at the bond coat-copper interface.
The first system (Fig. 40) used the standard bond coat and the zirconia-8%
yttria was applied at 20 kW. The 32 kW coating is shown is Figure 41 and the
40 kW coating is shown in Figure 42,

As the power level increased the coatings exhibited a reduction in pore size
and an increase in porosity. It was found that the coatings produced at 20
and 40 kW could be duplicated readily. However, those produced at 32 kW
varied in density and other properties as discussed in Section 3.5. Generally,
as anode wear increased the coating tended to become less dense. This effect
was only evident on the 32 kW coatings and no quantitative relationship could
be established. Anode usage was limited to four hours to minimize anode wear
effects but they could not be eliminated from the 32 kW coatings. Because of
this variation, the property data reported in this section is limited to val-
ues obtained from specimens produced with new anodes unless otherwise noted.
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Magnification: 100X

Figure 40. Thermal Barrier Coating Applied at 20 kW (System 1)

ZFOZ
Bond Coat

Magnification: 100X

G

.
.
L

Figure 41, Thermal Barrier Coating Applied at 32 kw
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Magnification: 100X

Figure 42. Thermal Barrier Coating Applied at 40 kw
3.2.1 Density

Coating density was determined by three methods:
. Visual inspection of a 100X photomicrograph
. Photometric evaluation of 50X photomicrographs
. Weighing and measuring a sample of the coating
The following average values were obtained: |

Zr0,°8Y,04 Density Values

Visual Photometric | Weight

(% Theory) | (% Theory) (g/cc)

Coating System 1 85 80 4.8
Coating System.z 92 90 5.2
Coating System 3 95 95 5.3
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3.2.2 Thickness Control

Because of the extreme thinness of the coatings required in this program
(0.013 to 0.10 mm) control of the application parameters was considered an
important factor. Conventional coatings vary by +0.02 mm or more from the
nominal thickness. For the coatings evaluated in this study, this could
amount to +12% of the thickest coatings while producing completely uncoated
areas with the thinner coatings. To assure a precise and uniform coating, it
was found that low powder feedrates, in the range of 0.05 to 0.10 gm/s, were
required. Under these conditions typical build-up rates were 0.0025 to 0.008
mm per traverse. The low powder feed also provided a more uniform ceramic
deposit, free of entrapped particles. Under these conditions coat1ngs 0.025
mm thick could be produced to an accuracy of +0.005 mm.

3.2.3 Thermal Diffusivity and Conductivity

Thermal conductivity and diffusivity of the coatings were measured as des-
cribed previously. The values obtained are reported in Table 10 and in

Figures 43 and 44.

The coatings applied at 20 and 40 kW show an increase in thermal conductivity
with increased gun power. The 32 kW coating is inconsistent in that it does
not Tie between the other two values as would be anticipated. In other tests
the 32 kW coating responded as if it were less dense than the 20 kW coating.
The source of this erratic performance at 32 kW has not been identified.
Apparently at this power level the plasma flame is sensitive to minor varia-
tions in anode wear and gas flow, at levels below the sensitiity of the
process controls. Because of this fluctuation, the 20 and 40 kW coatings
were selected for coating the experimental thrust chambers.

3.2.4 Surface Finish

Surface finish did not appear to be a function of plasma spray gun parameters.
When surface finish values of the as-sprayed coatings were checked, arithmetic
average values of 5-10 micrometers were obtained. Generally these values
appeared to be the result of initial particle size rather than power levels,
once a uniform coating was obtained.

3.2.5 Crystal Structure

X-ray diffraction measurements of the coatings gave nominal values of 94-98%
cubic and tetragonal with the remainder being monoclinic. The initial powder
was reported as 10% monoclinic with the balance cubic. This transformation
of the monoclinic zirconia to cubic/tetragonal was similar in all cases.
There appeared to be less monoclinic zirconia (about 3%) in the 20 kW coatings
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Table 10

Thermal Diffusivity and Conductivity of Zr0,Yo03 Layers

Temperature Thickness Density Specific Heat Half-Time Diffusivity Conductivity Conductivity

Sample (°c) (cm) (gm cm™3) (Ws gn1x~1) (sec) (cm2 sec™1) (W em~ k-1 (Btu in hr-1£t—2p-1)
20 kW 23 0.0254 4.8 0.457 0.0775 0.00298 0.00654 4.53

100 0.0254 4.8 0.491 0.0891 0.00250 0.00590 4.09

200 0.0254 4.8 0.522 0.0924 0.00238 0.00596 4.13

300 0.0254 4.8 0.541 0.0965 0.00229 0.00593 4.1

400 0.0254 4.8 0.552 0.0101 0.00219 0.00581 4.03

500 0.0254 4.8 0.567 0.1009 0.00218 0.00591 4.10
32 kW 23 0.0178 5.2 0.457 0.0337 0.00413 0.00981 6.80

100 0.0178 5.2 0.491 0.0338 0.00397 0.01010 7.00

200 0.0178 5.2 0.522 0.0354 0.00372 0.01010 7.00

300 0.0178 5.2 0.541 0.0365 0.00363 0.01020 7.07

400 0.0178 5.2 0.552 0.0380 0.00345 0.00991 6.81

500 0.0178 5.2 0.567 0.0383 0.00342 0.01910 7.00
40 kw 23 0.0178 5.2 0.457 0.0339 0.00379 0.00901 6.25

100 0.0178 5.2 0.491 0.0353 0.00356 0.00909 6.30

200 0.0178 5.2 0.522 0.0384 0.00321 0.00871 6.04

300 0.0178 5.2 0.541 0.0397 0.00311 0.00875 6.07

400 0.0178 5.2 0.552 0.0408 0.00302 0.00866 6.00

500 0.0178 5.2 0.557 0.0421 0.00292 0.00860 5.96
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Figure 44. Thermal Conductivity of Zr0,Y,03 Layers

than in the 40 kW coating, but this variation was within the error limits of
the analysis and it could not verified.
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3.2.6 Calorimeter Tests

The 1.27 cm calorimeter probe is shown in Figure 45 and the test surface
installed in a gquard is shown in Figure 46. Some loss of insulation between
the probe and guard is visible in the second figure. When this Toss occurred
the change in outlet temperature was less than 0.5°C and the results remained
within experimental accuracy.

In operation the plasma flame was directed at the 1.27 cm diameter face of
the calorimeter., Water flow and the T between the inlet and outlet water

temperatures were recorded for calculating the total heat input to the cold
face calorimeter, Both coated and uncoated calorimeters were tested.

The appearance of a zirconia coated calorimeter is shown in Figure 47. The
coating was applied to a thickness of 0.10 mm at 40 kW. In this test, the
calorimeter was exposed to a 32 kW plasma flame. The relationship between
power level and gun distance to heat flux is shown in Figure 48. Input to
the calorimeter was measured for three sets of gun parameters as shown, and
plotted as a function of distance. The gun parameters were given previously
in Table 9.

Figure 45. Water Cooled Calorimeter Probe
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Figure 46. Calorimeter Face in Guard Shield

Figure 47. Calorimeter Face With 40 kW Zr0,Y,03 Coating 0.10 mm
Thick Exposed to a Heat Flux of 9.1% watts/mm2

Heating appears to be more sensitivite to voltage (hydrogen flow) than to
current. The current increased by 100 amperes for each increase in power,
The 15 volt increase between 20 and 32 kW shows a far greater increase in
heat input than the 5 volt increase between 32 and 40 kW.
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Figure 48. Heat Flux From a Plasma Torch as a Function of
Distance at Selected Power Levels

The effect of the zirconia coatings on heat input to the calorimeter is .
reported in Figure 49 through 51. The 20 kW coating provided the greatest
reduction in heat input to the calorimeter. The coating remained intact
until the heat flux through the coating reached 8.2 watts/mmZ at which point
surface melting occurred. When the 32 kW coating was tested failure occurred
at a heat input of 9.0 watts/mmé through spallation of the coating. The
third coating, 40 kW zirconia, survived until surface melting occurred at an
input of approximately 16.3 watts/mm2 or twice that of the 20 kW coating.
Failure of this coating also occurred as a result of melting. Some cracking
normal to the surface occurred that may also have contributed to the low
insulative value obtained with this coating.

Generally, the tests confirmed the thermal conductivity values previously
measured and showed that the coatings could be retained up to the point of
surface melting. The poor performance of the 32 kW coating supported the
selection of the 20 and 40 kW for the coating of test thrust chambers.

3.2.7 Residual Stress and Stress Free Temperature

Several flat copper strip specimens were coated for residual stress and stress
free temperature measurement. A copper thickness of 0.8128 mm and a bond coat
thickness of 0.0508 mm were used for these tests. Density, residual stress
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Through a 0.10 mm, 32 kW Zirconia Coating
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Figure 51. Heat Flux Transmitted to a Copper Calorimeter at 32 kW
Through a 0.10 mm, 40 kW Zirconia Coating

and stress free temperature (SFT) were measured as described in the previous
section. The results are shown in Table 1. The spray parameters for these
coatings are given in Table 9.

These data show an increase in density and a rather constant residual stress
and SFT with an increase in gun power from 20 kW to 32 kW. A substantial
increase in residual stress and SFT was observed when the gun power was
increased further, to 42 kW, although the desnsity remained constant. In-
creasing the coating thickness from 0.0965 mm to 0.254 mm also caused a
significant increase in residual stress and SFT. No density measurement was
made on this latter coating.

It is interesting to note that these data show the coating to incur a com-
pressive residual stress during plasma spraying. This could effectively
weaken the coating in service since compressive spallation is the predominant
coating failure mode. However, the data generated thus far is rather limited
and does not warrant conclusive interpretation.

The coatings produced in this study were strength tested in their as-sprayed
condition (e.g., no annealing). Thus, the strength data generated reflects
any effect of residual stress on coating strength. Reduction of residual
stresses may present a practical means of increasing coating strength. This
concept, although not pursued on this program, may be worthy of future
coating development studies.
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Table 11

Residual Stress and Stress Free Temperature Results From Coated

Flat Specimens (0.8128 mm copper and 0.0508 mm NiCrAlY bond)

Deposit
Rate Weight
Coating| (mils/ Gain 5 3 L S TSF |Density
Type* | _pass) (gms ) (mm ) (mm ) (mm ) (MPa) | (C) (%)

I 0.1 0.3990 | 0.1778 | 0.09652 | 50.8 -7.2 58 88.6
0.1 0.3778 | 0.3048 | 0.09652 50.8 -12.3 84 84.0

11 0.6 0.4341 | 0.2540 | 0.09652 | 50.8 -10.3 74 96.5
0.6 0.4315 | 0.2794 | 0.09652 50.8 -11.3 79 96.0

- - 5.4864 | 0.02540 | 55.12 | -60.2 | 447 -

I1T 0.4 0.5209 1.,9812 | 0.1016 50.8 -75.6 437 93.0

3.3 ANALYTICAL MODELING
3.3.1 Thrust Chamber Model Deve]opment

Initial finite element performance analyses of the thrust chamber coating
system were subcontracted to Control Data Corporation. This initial work
included the model construction, preliminary test runs, and several coating
analyses. All later finite element analyses were performed at Solar.

The original thrust chamber coating system model was 50.8 mm long and was
divided into six elements axially. This resulted in an element aspect ratio
(Tength/width) of 667 for the bond coat elements, which are the most extreme,
The model length was later changed to 0.229 mm, which reduced the bond coat
element aspect ratio to 3. This change caused no difference in the thermal
analyses and less than a three percent variation in the calculated stresses.
The shorter model was used for all of the final coating analyses.

The finite element model of the thrust chamber coating system was used to
evaluate typical coating performance under selected operating conditions.
Material properties from the literature were used in these analyses (Table
1). The selected operating conditions included a hot ceramic surface temp-
erature of 1650°C (the maximum desirable ceramic operating temperature), cold
copper surface temperatures of -240, -18 and 204°C, and a specified heat flux
of 18 W/mm2. These temperature selections were explained eariier but this
heat flux was selected inadvertently due to an error in the original analyses
performed by CDC. The heat flux was originally intended to be 49 W/mm2 but
the units were misinterpreted to be W rather than W/mmz. Nonetheless, these
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analyses were useful in developing the coating model and observing the general
behavior of the coating system under potential operating conditions.

These initial coating systems analyses used a constant ceramic coating thick-
ness of 0.10 mm. Steady state analyses were performed to evaluate the temper-
ature distributions, heat fluxes and stress profiles through the coatings.

One series of coating system analyses used a constant hot surface temperature
of 1650°C and three cold side temperatures: -240, -18 and 204°C. The resul-
ting temperature gradients are shown in Figure 52. This figure shows that
the bulk of the temperature drop occurs through the thin ceramic layer,
subjecting the copper to a relatively low temperature gradient. The tempera-
ture gradients through the coating and the copper do not appear to be signi-
ficantly influenced by the cold side temperature, although the overall temper-
ature difference was increased by 31% from the smallest value to the largest.

The stress profiles resulting from the temperature gradients shown in Figure
52 are presented next. The hoop (or circumferential) stresses are equal to
the axial stresses (due to the radial temperature gradient) and are shown in
Figure 53. The radial stress profiles are shown in Figure 54. Step discon-
tinuities in these stress profiles occur at the interfaces of different
materials in the coating system. These discontinuities result from the
changes in elastic moduli between materials, since the analyses assume con-
tinuous strain across the interfaces.
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Figure 52. Temperature Radient for 1650°C Wall Temperature
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The hoop and axial stresses in the coating are shown to be compressive; the
maximum values occurring at the coating surface with a linear reduction
through the thickness. The stresses in the bond coat are again compressive,
while the stresses in the copper change from compressive to tensile. The
coating stresses are of significant magnitude, with the maximum stresses on
the order of -240 to -400 MPa. Stresses in the copper wall range from -31 to
+110 MPa. The maximum tensile stress in the copper falls between the yield
strengths of annealed and hardened oxygen-free copper.

The radial stresses through the coating system are much less severe than the
hoop and axial stresses., Thus, the coating system is essentially in a biaxial
Stress state during operation. Radial stresses in the ceramic are approxi-
mately 0.5 MPa maximum, while the radial stresses in the copper are on the
order of -0.9 to -1.6 MPa, maximum.

The cold surface temperature appears to have a significant effect on the hoop
and axial stresses in the coating. A cold temperature change from 204 to
~-240°C (a 31% increase in overall temperature differential) results in a 60%
increase in the maximum compressive coating stress. The effect on the hoop
and axial stresses in the copper is less pronounced, with approximately a 45%
increase in stress observed for the same change in cold side temperature.
Cold side temperature also had an effect on the radial stresses, but the
stress magnitude remained relatively insignificant.

A second set of coating system analyses used a constant radial heat flux of
18 W/mm2 through the coating and the same three cold surface temperatures as
before: -240, -18 and 204°C. The resulting temperature gradients are shown
in Figure 55. The heat flux specified for these analyses was similar to the
resulting heat fluxes in the previous analyses. In fact, the two cases having
a 204°C cold side temperature are nearly identical.

As expected, the hot surface temperature decreases with decreasing cold
surface temperature, since the heat flux is constant. It is interesting to
note that the decrease in hot surface temperature (333°C) is approximately
25% less than the decrease in cold surface temperature (444°C), over the
range evaluated. This 1is attributed to temperature affects on the material
properties. As in the previous analyses, most of the temperature drop occurs
through the ceramic coating, subjecting the bond and substrate to to rela-
tively small thermal gradients.

The hoop and axial stress profiles resulting from the temperature gradients
in Figure 55 are shown in Figure 56. These stress profiles are quite similar
to those of the previous analyses, again showing the ceramic coating under
very high compressive stress, The copper is subjected to slight compressive
stresses at the bond interface and moderate tensile stresses at the outer
surface.

These first two series of analyses were conducted to exercise the thrust
chamber coating system model, and to evaluate the general behavior of the
coating system under typical rocket engine operating conditions. The model
was found to operate acceptably and the coating system behavior was found to
be reasonable.
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This model was then used to evaluate the effect of thickness on the predicted
coating temperatures and stresses in the thrust chamber environment., These
analyses again used literature values for material properties. The purpose
of these analyses was to observe the general effect of coating thickness on
coating stress and temperature, and to establish a probable range of the
coating thickness required for rocket thrust chamber application.

Figure 57 shows both surface temperature (left scale) and hoop (or axial)
stress (right scale) in the coating for a constant heat flux (20 w/mm2).
This heat flux is at .the lower end of a typical thrust chamber operating
range. Both coating temperature and stress increase linearly with coating
thickness.

This analysis indicates that a coating thickness of less than 0.13 mm may be
required to maintain an acceptable coating temperature (2000°C) at this heat
flux condition. The compressive coating stresses in this thickness range
would be less than 400 MPa. The significance of this was not known at the
time of these analyses.

Figure 58 shows the effect of coating thickness on heat flux for a fixed
temperature gradient. The hot surface temperature (1650°C) used for this
analysis is a desirable upper limit for the coating. The cold temperature
(-18°C) is a reasonable anticipated operating value. This curve shows the
heat flux is inversely proportional to coating thickness. At very low thick-
nesses, the heat flux is very sensitive to coating thickness. Again, the
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Figure 57. Relationship of Coating Surface Temperature and Stress
to Coating Thickness to Constant Heat Flux
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range of heat fluxes covered by this graph is in the moderate operating
regime. This analysis indicates that coating thicknesses of less than 0.075
mm may be required to accommodate the high heat flux conditions without
excessive temperature., The maximum compressive coating stress for this case
is constant with varying coating thickness and is 350 MPa.

3.3.2 Coating Structure Model Development

Finite Element Model of Porous Coating

A variety of coating structures were evaluated using the finite element model
shown in Figure 5. These structures included a variety of pore dimension
ratios (Dp), total porosities (Pt), and pore sizes (Pj). An attempt was made
to establish a relationship between these three coating parameters (Dr, Pt, Pi)
and the effective thermal conductivity of the coating system (k).

An evaluation of the significance of radiation to the overall heat flow
through a TBC was conducted. This was accomplished by comparing the heat

flux through one coating model, with and without radiation across the pores.
A negligible effect was observed. Thus, radiation was omitted from further
analyses, to reduce the required computer time.

Figure 59 shows plots of effective thermal conductivity vs. pore dimension
ratio for various combinations of total porosity and individual pore size.
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Inspection of these curves shows a consistent trend towards higher thermal
conductivity with decreasing dimension ratio (Dp). This trend is most pro-
nounced for small values of D, and tends to level off at large values of D,.
Also evident from this figure are inconsistencies in the effects of both
porosity and pore size on effective conductivity. For example, curves A, D
and E show a consistent pattern of increasing conductivity with decreasing
porosity. (This trend is intuitively understandable.) However, curves B
and C depict the opposite effect; that is, a decreasing conductivity with
decreasing porosity. Similarly, curves B, D and F indicate an increase in
conductivity with decreasing pore size, while curves A and C show the opposite
effect.

Numerical regression analyses were performed to establish mathematical expres-
sions for effective thermal conductivity in terms of one and two coating
parameters. Due to the inconsistencies just described, it was not possible
at this point to establish expressions containing all three coating param-
eters. It is believed that different coating parameters must be established,
to replace or compliment the three parameters initially selected, in order
to adequately and uniquely characterize a coating structure. Limited regres-
sion analyses were performed however, to illustrate the approach and metho-
dology employed to establish an analytical thermal model of a porous coating
structure,

A11 of the curves in Figure 59 appear to have an approximately exponential
form. One-variable regression analyses were performed to establish mathema-
tical expressions for curves A, D and E. Curves A and E were found to best
fit an exponential relationship, while curve D was found to best fit an
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inverse D, (D, being the independent variable) relationship. Curve D can
also be expressed in exponential form with slightly less accuracy. These
expressions and their respective correlation coefficients (r) are presented
here:

Curve A k = 56.94 - 13.82 [n (Dp) (r = 0.996) (10)
Curve E k = 94,13 - 13.26 /n (D) (r = 1.000) (11)
Curve D k = 67.46 - 7.74 fn (Dp)  (r = 0.975) (12)

kK = (42.59 Dp + 59.35)/Dp  (r = 0.999) (13)

Two-variable regression analyses were performed on two sets of curves in
Figure 59. Each set used dimension ratio as one variable. The first set
showed a consistent decrease in conductivity with increasing porosity and
contained curves A, D and E. The second set showed a consistent decrease in
conductivity with increasing pore size, and contained curves B, D and F. The
following expressions were established for k:

k = 526.8 p,"0:70 p -0-32  (n = 0.906) (14)

for a pore size of Py = 0.74 and

n

k = 65.4 p;0-31p -0-13  (r - 0.767) (15)
for a porosity of Py = 13.35; r, is the multiple regression correlation
coefficient.

Some of the analytical "data" generated using the finite element porous
coating model were used to create the plot of effective thermal conductivity
versus porosity shown in Figure 60. All of the curves presented show the
same general trend of decreasing thermal conductivity with increasing poros-
ity, except for curve G, which shows a slight rise in conductivity when the
porosity is increased from 15 to 25 percent. It should be noted that curve G
still lies in the range of "scatter" of the other curves.

Curiously, curve G also most closely matches the experimental data, plotted
as curve H, for porosities less than 15 percent. The experimental data is
derived from measured values of coating conductivities and porosities (repor-
ted earlier) and an assumed value for the thermal conductivity of the solid
ceramic of 2.06 W/mC, which is one of the commonly reported literature values.
It appears from Figure 60 that the finite element model of a porous coating
generally predicts the same effect of porosity on thermal conductivity as
observed experimentally. Although the experimental data falls outside of the
analytical results, the shape of the curve is basically consistent. The
objective of the analytical model was to simulate the effects of coating
Structure parameters on thermal conductivity, and then to empirically adjust
the model to accurately calculate the actual value of a coating's thermal
conductivity.
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Figure 60. Finite Element Analysis of Porosity Effect on Effective
Thermal Conductivity of Coatings

Due to the inconsistencies in the analytical model results described earlier,
no attempt to empirically adjust the model was made. The results thus far
support the contention that such a model can be empirically modified to pro-
duce accurate results. However, the basic model must first accurately repre-
sent all of the critical structural parameters of a porous coating. There-
fore, additional work is required to establish more appropriate coating char-
acterization parameters before a useful analytical model can be developed.

Theoretical Thermal Conductivity Predictions for Porous Coatings

Much work has been done to theoretically predict the properties of mixtures
of materials (Refs. 6, 7). This work encompasses mixtures of all numbers and
types of phases. All binary mixtures can be divided into three basic classes:
(1) one-phase miscible mixtures, (2) two-phase systems with one continuous
phase and one dispersed phase and (3) two-phase systems with two continuous
phases., There are general mixture rules for each of these classes of mixtures
for predicting material properties. It is most often necessary to combine
empirical data with theoretical equations to accurately predict specific
properties of a particular mixture.

A porous ceramic coating may be characterized as a mixture with one solid
continuous phase (the ceramic) and one gaseous dispersed phase (the pores).
In this case, the continuous phase is considered to be the "hard" phase and
the dispersed phase is the "soft" phase. In addition, the continuous phase
in a porous ceramic is most likely the major phase; that is, the phase com-
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prising the 1largest volume fraction. Figure 61 illustrates this type of
mixture.

The thermal conductivity of mixtures such as that depicted in Figure 61 have
been evaluated by Maxwell and applied by Eucken (Ref. 6). Eucken suggests an
expression for the resultant thermal conductivity of a mixture (ky) as

k ) fl ¥ 2vq (1 - ke/kq)/ (2ke/kg + 1)
m = X
| 1 - va (1 - ke/ka)/(ke/kg + 1)
where k is the thermal conductivity, v is the volume fraction and the sub-

scripts ¢ and d stand for the continuous and dispersed phases, respectively.
When ke >> K4, the expression for resultant conductivity can be simplified to

(16)

km = ke [(1 - vq)/(1 + vq)] | (17)
and if kg >> k¢ the expression simplifies to
km = ke [{1 + 2vq)/(1 - vq)] (18)

Note that Equation (18) expresses the resultant (or effective) thermal conduc-
tivity of a mixture solely in terms of the conductivities and volume fractions
of each component in the mixture. There is evidence to suggest that other
factors are of equal importance in determining effective conductivity (Ref.
7). For example, some two-phase systems, such as Al203-Zr03 and Mg0-MgAl1204,
can exhibit thermal conductivities lower than either single phase. This
results from flat microcracks which open along grain boundaries during thermal
cycling due to differences in the thermal expansion coefficient within the
material. The small fraction of porosity which results from this cracking may

R

Figure 61. Illustration of Mixture Having a Continuous Major
Phase and Dispersed Minor Phase
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cause a significant reduction in thermal conductivity when the porosity
occurs as a continuous phase perpendicular to the heat flow path. Similarly,
the thermal conductivities of other oxides can be s1gn1f1cant1y a]tered by
heat treating, with little change in porosity or grain size.

Thermal cycling of some two-phase solid mixtures has been observed to contin-
uously change the effective thermal conductivity due to crack growth during
cooling and crack annealing during heating. The opening and closing of such
cracks have caused hysteresis in conductivity measurements of some materials
(e.g., aluminum titanate) (Ref. 7). This type of effect from thermal cycling
may be pertinent to the behavior of thermal barrier coatings, especially
those subjected to high heat fluxes. No reference of this behavior has been
found for TBC's in particular, but the phenomena is worthy of note.

Temperature may also influence the thermal conductivity of a mixture by
affecting the conductivity of each phase. In the case of pores containing
air, not only does the true thermal conductivity of air increase sharply with
temperature, but so does the effective thermal conductivity due to radiation
heat transfer. This is illustrated in Figure 62 where the effective thermal
conductivity, due to radiation, of a pore having a thickness dp, is shown as
a function of temperature. The thermal conductivity of solid Zr0Oj is shown
also, for comparison. It is interesting to note that a pore having a thick-
ness on the same order of magnitude as the coating thicknesses being inves-
tigated in this study (0.10 mm), even at high temperatures (1600°C), has an
effective thermal conductivity of only 3 percent that of solid Zr0p. This
agrees with the previous conclusion that radiation across the individual pores
makes a negligible contribution to the overall heat flux through a porous
coating.
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The nature of the interface between two phases in a mixure may also affect
the properties of the mixture. In porous ceramic coatings this effect may
influence the resultant thermal conductivity, since heat transfer across the
interface must occur by natural convection. '

Other factors that have been considered in their effect on the properties of
two-phase mixtures having one dispersed phase are the maximum packing fraction
and the shape, agglomeration, orientation and distribution of the dispersed
particles. The packing fraction accounts for the fact that the dispersed
phase cannot pack in such a manner as to completely fill a space. Nielsen
(Ref. 7) has described an analytical approach for calculating the properties
of mixtures which takes into account these latter factors.

The general mixture rule proposed by Nielsen is:

Pc 1+ABuvy

= — o (19)
P 1 - B¥vy
where A = 1/(Kg - 1) (20)
B = —mm (21)
1-m
S ( =)o (22)
®m
and P. = property of continuous phase
Pq = property of dispersed phase
Pp = property of mixture
Kg = Einstein coefficient
vqg = volume fraction of dispersed phase
¢y = maximum packing fraction

The constant A depends upon the shape of the dispersed particles, their state
of agglomeration, their orientation and the nature of the interface. "A" can
vary from zero to infinity and is related to the Einstein coefficient which
can be calculated theoretically or derived empirically. The factor ¥ takes
into account the maximum packing fraction which is defined as:

bm = true particle volume
volume occupied by particles

Values of m can be estimated or measured in a variety of ways.

Table 12 presents some values of @m which were derived largely from theory.
Table 13 presents some values of Kg derived for mechanical properties of
mixtures. In general, values of Kg are usually slightly greater for thermal
properties than for mechanical properties, but often only small errors will
result from using the mechanical values for thermal calculations.
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Table 12

Values of & for Various Mixtures

Particles Type of Packing ¢h
Spheres Hexagonal close packing 0.7405
Spheres Face centered cubic 0.7405
Spheres Body centered cubic 0.60
Spheres Simple cubic 0.5236
Spheres Random close packing 0.637
Spheres Random loose packing 0.601
Fibers Parallel hexagonal 0.907
Fibers Parallel cubic 0.785
Fibers Parallel random 0.82
Cubes Random 0.70
Rods L/D = 4, random three 0.625
dimensional (approx.)

Rods L/D = 8, random three 0.48
dimensional (approx.)

Rods L/D = 16, random three 0.30
dimensional (approx.)

Rods L/D = 40, random three 0.13
dimensional (approx.)

Rods L/D = 70, random three 0.065
dimensional (approx.)

The original Einstein equation, derived for the viscosity of suspensions of
rigid spheres, can be generally expressed as:

Pu/Pc = 1+ Kg vy (23)

for Tow concentrations of the dispersed phase when Pd/Pc is very large. This
form of the equation may be applied to porous coatings i1f P is used to repre-
sent thermal resistivity, since the resistivity of air is much greater than
that of the ceramic. This expression provides a simple method of determining
Kg from experimental data. Equation (23) can thus be transformed to:

km/ke = 1/(1 + Kg vq) (24)

for Tow values of vq and large values of kc/kq. This is referred to here as
the simplified Einstein equation.
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Table 13

Values of Kg for Various Mixtures

Type of Dispersed Orientation of Particles
Phase and Type of Stress Kg

Dispersed spheres Any. No slippage 2.50
Dispersed spheres Any. Slippage 1.0
Spherical aggregates Any. ¢3 = ¢h of spheres 2.5/ 4
of spheres within aggregate

Cubes Random (approximate) 3.1
Uniaxially oriented Fibers parallel to 2L./D
fibers tensile stress component
Uniaxially oriented Fibers perpendicular to 1.50
fibers : tensile stress component
Uniaxially oriented Longitudinal-transverse 2.0
fibers shear
Uniaxially oriented Traverse-transverse 1.5
fibers shear
Uniaxially oriented Bulk modulus 1.0
fibers

Fibers randomly Shear. (Approximate) L/2D
oriented in three
dimension

Comparison of Theoretical Conductivity Calculations and Experimental Data

Three methods of calculating the theoretical thermal conductivity of a porous
coating have been suggested: (1) the Maxwell theory, (2) the Einstein equation
and (3) the simplified Einstein equation. Each of these methods was applied
to a porous zirconium oxide coating to predict effective thermal conductivity
as a function of porosity. Thermal conductivity values from the literature
were used for solid Zr028Yo03 and air, both at 1200°K. The results of these
analyses are presented in Figure 63 and are compared to the experimental data
presented earlier.

Theoretical curve A in Figure 63 was calculated from equation (16) based on
Maxwell's mixture theory. This equation expresses the effective thermal
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Figure 63. Theoretical Thermal Conductivity of
Porous Coating

conductivity of the mixture in terms of the conductivities and volume frac-
tions of the individual phases. It does not account for pore size, distri-
bution, agglomeration, orientation, or interface effects.

Theoretical curve B was established using equation (19) (the Einstein equa-
tion). It was necessary to estimate values of Kg and @, to apply this equa-
tion. A value of Kg = 3.5 was selected based on the value of K¢ for random
cubes presented in Table 13. The selected value of Kg is s]igEt]y greater
than the value in the table for mechanical properties, to compensate for the
difference between Krp values for mechanical and thermal properties. A value
of ¢m = 0.70 was se?ected based on the value for random cubes presented in
Table 12.

The properties, P, in equation (19) represent thermal conductivities for this
analysis. This equation presumably accounts for the distribution, agglomera-
tion, orientation and interface effects of the dispersed pores. It is recog-
nized that the assumed values of Krp and ¢m are educated guesses and should be
investigated in more detail if this analytical approach is pursued further.

Theoretical curve C was established using equation (24) (the simplified
Einstein equation). Only a value for Kg was needed for this analysis.
Again, this value was selected as Kp = 3.5.

Curve D in Figure 63 represents the experimental data generated earlier. The
value of solid ceramic conductivity used to generate this curve is a commonly
quoted literature value, ke = 2.06 W/mC. It should be noted that besides the
possible error in the value used for k¢ (+ 9% based on reported data) this
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experimental data curve also represents two measured values, ky and P¢, which
are subject to experimental error.

It is obvious from Figure 63 that the experimental data does not agree well
with the theoretical analyses. The three theoretical models all agree fairly
well with each other in the low porosity region; the largest discrepancy
(about 15% difference) being between the two versions of the Einstein equa-
tion. The Maxwell conductivity curve lies midway between these two. :

The fifth curve in Figure 63 represents an empirically adjusted Einstein
equation. In this case two values of Kg were calculated from the experimental
data using equation (24). These values are:

Kg = 11.74 @ 10% porosity
Ke = 16.32 @ 15% porosity
Ke = 14 average

The average value of Kp was used in equation (24) to construct curve E, which
matches the experimental data reasonably well (within 9.5%). Although this
value of Kg is larger than values quoted in the literature, it is acceptable
since there is no theoretical upper limit to the value of Kg. The equation
for curve E is:

kn/ke = 1/(1 + 14 vq) (25)

Equation (19) (the Einstein equation) was also used to generate an empirically
calibrated expression for effective thermal conductivity. In this case a
value of @, = 0.70 was assumed and values of Kg were calculated using the
experimental thermal conductivity data in equations (19) through (22). This
analysis yielded an average value of Kg = 1.06, which was used with the
assumed value of ¢h to calculate a curve of thermal conductivity vs. porosity.
The resulting curve fell almost exactly on the empirically adjusted curve
created previously using the simplified Einstein equation. '

No attempt to empirically calibrate equation (18) was made. This expression
has no inherent variables which can be manipulated. It appears from Figure
63 that the difference between this equation (curve A) and the experimenal
data is more than just a constant, and therefore, would probably involve an
exponential factor of some form.

Overall, equation (25) appears to provide the simplest, reasonably accurate
expression for calculating the effective thermal conductivities of the ceramic
coatings in this study. It is recognized that the experimental data base
should be expanded to provide further verification of this relationship., It
is 1ikely that a more accurate value of Kp may be determined through addi-
tional testing, but that the form of equation (25) will still apply.
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3.3.3 Discussion of Model Development

A practical method for analytically modelling TBC's has been developed. This
method basically consists of two parts. First, the material properties of the
TBC are determined, either experimentally or analytically. Second, these
material properties are used in a finite element model of the coating system
to predict the thermo-mechanical response of the coating to specific operating
conditions. This model can also be used to predict the effects of coating
process parameters on coating performance. This requires that the effect of
the process parameters on the coating properties first be determined. Then,
these material property changes can be incorporated into the finite element
model, to evaluate the effects on coating performance.

The material properties used in this study were either measured or taken from
the literature. A more complete analytical model could be constructed if the
material properties were analytically derived. This could be accomplished by
establishing empirical relationships between coating properties and coating
deposition parameters. Coating properties could then be predicted by moni-
toring the coating deposition parameters. An alternative approach might be
to relate all coating properties to easily measured coating characteristics,
such as porosity.

The objective of the porous coating model was to establish an analytical
method of predicting the thermal conducitivity of a coating based on porosity.
Thermal conductivity was selected for this investigation since it is one of
the most critical properties in these analyses. It was intended to uniquely
define the porous structure of a coating in terms of geometric parameters,
and relate these parameters to thermal conductivity. These relationships
would then be empirically adjusted. A real coating could then be defined in
terms of these geometric parameters and it's thermal conductivity calculated.

The porous coating model was intended to be developed one step further. A
relationship between coating deposition parameters and the geometric coating
parameters was to be established empirically. This model could then be used
to predict the thermal conductivity of a coating based on its deposition
parameters.

However, the porous coating model was not sufficiently developed to achieve
these results. The geometric parameters selected to characterize a porous
coating structure proved inadequate. Despite the obvious inconsistencies in
the model, however, much of the analysis was consistent and produced logical
results. It is believed that the basic model concept is sound, but requires
further development., The geometric coating parameters need to be re-evaluated
and perhaps redefined or expanded.

The theoretical models for coating thermal conductivity appear to have merit.
Empirical adjustment of the Einstein equation produced a reasonably accurate
expression for thermal conductivity in terms of porosity. However, additional
empirical data is required to fully evaluate these models.

73



3.4 COMPUTER ANALYSES
3.4.1 Coating Strength Data Analyses

Coating strength data were generated using the four-point flexure test, for
the three coating types previously described: those applied at the 20, 30
and 40 kW power levels. These are referred to as coating types A, B and C,
respectively. Two sets of coating strength data were generated at different
points in time. Each set tested three thicknesses of each coating type. Set
number 1 tested coatings of thicknesses 0.0508, 0.1016 and 0.1524 mm; set
number 2 tested coatings of thicknesses 0.0254, 0.0508 and 0.1016 mm. Three
specimens were tested for each coating type and thickness combination. The
strength data is presented in Table 14a and 14b, along with the measured loads
and deflections at failure and calculated radii of the neutral axes. Coating
strength is defined here as the maximum compressive strain in the coating at
the time of failure (€p). Also reported is the strain at the bond interface
of the coating (&p), and at the coating mid-thickness (e¢).

The coating strength data is plotted in Figure 64 as maximum coating strain
vs. coating thickness. Although coating thickness was not known to affect
coating strength, it did provide a convenient graphical means for comparison
of coating strengths. Curves A, B and C represent the original data set and
curves D, E and F represent the second data set, Each data point represents
the average of three strength tests.

It is difficult to make intuitive conclusions about the relative strengths
of the three coating types, based on the data presented in Figure 64. The
strengths of each coating type overlap each other, within each data set, and
exhibit inconsistent trends as functions of thickness. It is apparent,
however, that the strengths of the coatings in the second set were signifi-
cantly higher than those in the first. The reason for this has not been
determined., Although the coating application parameters were the same for
both coating specimen sets, there may have been a subtle improvement in the
application process for set #2 due to the experience of coating set #1.

The apparently inconsistent results from the coating strength tests are not
unreasonable. Rarely do ceramic materials of any type exhibit deterministic
strengths (Ref. 8). It 1is often convenient to employ statistics in evalu-
ating the strength of ceramic materials. Thus, statistical analyses of the
coating strength data were used to compare the strengths of the three coating
types. '

Because of the obvious difference in strengths between the two sets of coating
tests, each set was evaluated individually. A matched-pair t test (Ref. 9)
was used to compare the strengths of the three coatings in each set. This
statistical method is used to make inference about the mean of the difference
between two matched groups. In this case the strengths of coatings having
the same thickness were matched to form pairs of data. This minimized the
possible influence of thickness on the strength comparison.
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Four-Point Bend Specimen Results -

Table 1l4a

Data Set 1

t P ¥ Rj b e €n R
Inner Interface Coating Surface Neutral
Coating | Thickness | Load | Deflection | Radius Strain Strain Strain Radius
Number Type {mm) (kg) {mm) (mm) x 10~2 x 1072 x 10™2 (mm)
1 A 0.0508 15.5 5.18 33.27 -0.801 ~0.877 -0.952 33.59
2 16.0 5.59 31.24 -0.840 ~0.921 -1.001 31.56
3 16.5 6.10 28.96 -0.889 -0.976 -1.063 38.66
4 0.1016 21.0 6.58 27.18 ~0.703 -0.888 ~1.073 27.47
5 22.5 6.58 27.18 -0.703 -0.888 -1.073 27.47
[} 20.5 6.38 27.94 -0.691 ~0.871 ~1.051 28.24
7 0.1524 27.0 8.18 23.11 -0.575 ~0.900 -1.226 23.40
8 28.7 8.18 23.11 -0.575 -0.900 -1.226 23.40
9 27.5 7.19 25.40 -0.550 ~0.847 -1.143 25.69
10 B 0.0508 17.0 5.79 30.23 -0.861 -0.944 ~-1.027 30.54
11 18.0 5.99 29.46 -0.870 -0.963 -1.048 29.78
12 18.0 5.79 30.23 -0.861 ~0.944 ~1.143 25.69
13 0.1016 29.0 7.39 24.89 -0.742 -0.943 ~1.145 25.18
14 24,0 8.18 23.11 -0,775 -0.992 -1.209 23.40
15 28.7 7.87 23.62 ~0.765 -0.978 -1.190 23.91
16 0.1524 26.8 7.19 25,40 -0.550 -0.847 ~1.143 25.69
17 25.0 6.20 28.70 -0.519 -0.782 ~1.044 29.00
18 27.1 7.77 23.88 -0.566 ~0.882 -1.197 24.17
19 c 0.0508 3.3 8.69 22.10 -1.082 -1.196 -1.309 22.39
20 10.6 6.99 25.91 -0.965 -1.062 -1.159 26.21
21 - - - - —— — -
22 0.1016 23.0 8.99 21.59 -0.807 ~1.039 -1.271 21.87
23 22.5 6.58 27.18 -0.703 ~0.888 ~1.073 27.47
24 21.5 7.29 25.15 ~0.737 -0.937 -1.137 25.44
25 0.1524 35.0 7.49 24.64 -0.558 -0.864 -1.169 24.93
26 22.0 11.18 18.80 -0.627 -1.027 -1.427 19.07
27 21.0 8.38 22.61 -0.580 -0.913 -1.246 22.89
Table 14b
Four-Point Bend Specimen Results - Data Set 2
t P ¥ Ry b € €n R
Inner Interface Coating surface Neutral
Coating | Thickness Load | Deflection Radius Strain Strain Strain Radius
Number Type (mm) (kg) (mm) (rmm) x 10~2 x 10~2 x 1072 (mm)
1 A 0.0254 15.3 8.13 23.18 1.252 1.306 1.360 23.50
2 14.6 7.87 23.73 1.229 1.281 1.334 24.05
3 13.8 8.13 23.18 1.252 1.306 1.360 23.50
4 0.0508 13.7 7.62 24.32 1.204 1.256 1.308 24.64
5 13.8 7.37 24.95 1.180 1.230 1.280 25.27
6 13.7 6.86 26.38 1.127 1.175 1.222 26.70
7 0.1016 14.8 7.62 24.32 1.204 1.256 1.308 24.64
8 17.3 8.13 23.18 1.252 1.306 1.360 23.50
9 16.0 7.37 24.95 1.180 1.230 1.280 25.27
10 B 0.0254 14.0 8.13 23.18 1.046 1.154 1.262 23.47
" 13.6 8.13 23.18 1.046 1.154 1.262 23.47
12 — -— —-— -_— - - -—
13 0.0508 17.5 8.38 22.867 1.063 1.173 1.284 22.96
14 17.1 8.13 23.18 1.046 1.154 1.262 23.47
15 17.7 8.13 23.18 1.046 1.154 1.262 23.47
16 0.1016 20.0 10.67 19.31 1.190 1.319 1.449 19.60
17 20.1 10.67 19.31 1.190 1.319 1.449 19.60
18 19.8 9.65 20.58 1.138 1.260 1.382 20.85
19 Cc 0.0254 20.0 9.9 20.23 0.837 1.085 1.333 20.50
20 19.5 9.14 21.33 0.812 1.047 1.282 21.61
21 17.¢ 8.64 22.19 0.794 1.020 1.246 22.48
22 0.0508 22.2 9.65 20.58 0.829 1.073 1.317 20.85
23 22.0 7.37 24,95 0.741 0.942 1.143 25.25
24 21.0 9.65 20.58 0.829 1.073 1.317 20.85
25 0.1016 23.3 9.40 20.94 0.821 1.060 1.300 21,21
26 19.3 6.86 26.38 0.716 0.907 1.097 26.67
27 20.7 6.86 26.38 0.716 0.907 1.097 26,67
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1.5 DATA COATING
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Figure 64. Coating strength Data From Four-Point Flexure Tests

The Student's t distributions may be used for inference about the mean of a
sample group when (1) the population distribution 1is normal (or at least
symmetrical and unimodal), (2) the population variance is unknown and esti-
mated by the sample variance and (3) the sample is random. The latter two
conditions are inherently met by the nature of the coating strength tests.
However, the strengths of ceramics do not necessarily exhibit a normal distri-
bution. Thus, condition (1) may not be satisfied. To determine how well the
coating strength data generated in this study matched a normal distribution,
a Chi-squared goodness-of-fit test (Ref. 9) was employed. A 95 percent
confidence level was selected to evaluate the hypothesis that the coating
strength samplies were from a normal distribution. These tests indicated that
the hypothesis could not be rejected for data set 2 and could be rejected for
data set 1. The calculated value of Chi-squared for data set 2 was actually
quite close to the rejection 1imit. Thus, little evidence of a normal distri-
bution was detected through these analyses.

Despite this result, condition (1) may be reasonably satisfied by applying
the central 1imit theorem. This theorem states that even if a population is
not normal, the sampling distribution of averages for that population is
approximately normal for a large number of samples (>30). The sampling
distribution of averages is the probability distribution associated with the
sample average (y). This distribution consists of all possible values of
y, for a fixed sample size, and the probabilities associated with these
values of the random variable.

In the case of the coating strength data. generated for this program, only
nine strength values per coating type, per data set, were obtained. Although
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this does not meet the minimum sample size recommended to approximate a normal
distribution, it was used for this analysis and this factor should be consid-
ered when evaluating the results. The three coating strengths measured for

each coating thickness/type combination were averaged to create the data base
for this analysis.

The null hypothesis used in these analyses was Hg:lq = 0 and the alternative
hypothes1s was Hy:ttg # 0 in which g is the population mean for the differ-
ence in strength between two coat1ngs. This hypothesis was tested to compare
pairs of coating strength data; three tests were required for each data set:
Avs., B, A vs. C and B vs. C. The Student's t values were calculated as
follows:

Yo = yq/n
o2 eyg - (e y4)%/
d =
n-1
L. Ja- Hdo
Sa/\/n
where n = number of pairs
= strength difference
y = average strength difference
gd = sample variance
K49 = mean strength difference assumed by the null hypothesis

A confidence limit of 95 percent was used for these analyses. Thus, & = 0.05
where Q@ corresponds to the probability that t exceeds a corresponding value
in the Student's t tables. The degree of freedom (¥ =n - 1) for these tests
was always 2. The t values are therefore tg gog 2 = 4,303 and tg 9752 =
-4.303. In summary, the probability that -4. 309 t < 4,303 if Y= 215 95
percent, assuming the null hypothesis is correct.

The coating strength data used in these analyses are shown in Table 15. The
t statistics, and some of the intermediate calculated values, for these data
are presented in Table 16.

Inspection of the calculated t statistics for data set 1 suggests the follow-
ing:

. The strength of coating A is not s1gn1f1cant1y different from the
strength of coating B.

. The strength of coating A is significantly different from the
strength of coating C.

. The strength of coating B is not significantly different from the
strength of coating C.
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Table 15

Coating Strength Data for Statistical t-Test Analysis

Data Average Compressive Failure Strain (%)
Set Thickness
Number (mm) Coating A Coating B Coating C
1 0.0508 1.005 1.073 1.234
0.1016 1.066 1.181 1.160
0.1524 1.198 1.128 1,281
2 0.0254 1.350 1,270 1.320
0.0508 1.260 1.270 1.430
0.1016 1.290 1.260 1.170
Table 16a

Matched Pair t-Test Calculations - Data Set 1

A vs. B A vs. C B vs. C
Thickness Difference (Difference)? Difference (Differgnce)2 Difference (Difference)?
(mm) Y41 Ya1 Yao Ya2 Ya3 Ya3
0.0508 =0.068 0.004624 =0.229 0.052441 -0.161 0.025921
0.1016 -0.115 0.013225 -0.094 0.008836 0.021 0.000441
0.1524 0.07 0.0049 ~0.083 0.006889 -0.153 0.023409
25 -0.113 0.022749 -0.406 0.068166 -0.293 0.049771
Average
difference -0.0377 -0.1356 -0.09767
§d
{(Sample
vagiance)z -0.007779 0.00661 0.01058
84
test
statistic 2.219 ~8.649 ' -1.645
£ .
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Table 16b

Matched Pair t-Test Calculations - Data Set 2

A vs. B A vs. C B vs. C
Thickness Difference (Differeaxce)2 Difference (Differgnce)2 Difference (Differgncez)
(mm) Ya1 Ya Ya2 Ya2 Y43 Y43
0.0254 0.08 0.0064 0.03 0.0009 ~-0.05 0.0025
0.0508 -0.01 0.0001 -0.17 0.0289 -0.16 0.0256
0.1016 0.03 0.0009 0.12 0.0144 0.09 0.0081
ZS 0.10 0.0074 -0.02 0.0442 -0.12 0.0362
Average
difference 0.03333 -0.00667 -0.04
Ya
(Sample
variance)2 0.00203 0.02203 0.00577
-2
Sq
test
statistic 1.281 -0.0778 -0.912
t

These statistical conclusions can be interpreted to indicate that there is a
strength difference among the three coating types. Since A and C are probably
different, and B cannot be distinguished from either A or C, it can be assumed
that B has a strength somewhere between A and C. Thus, these results suggest
that there was an increase in coating strength associated with an increase in
plasma spray power level for the coatings in data set 1.

Assuming that the conclusions made from the analysis of data set 1 are valid,
a plot of average failure strain vs. power level was constructed; see Figure
65. Table 16 shows the pertinent data for this curve. This figure serves to
illustrate the results of the data set 1 strength analysis and is not intended

to be taken conclusively.
Inspection of the calculated t statistics for data set 2 suggest the following:

. The strength of coating A is not significantly different from the
strength of coating B or C.

. The strength of coating B is not significantly different from the
strength of coating A or C.
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These statistical conclusions indicate that there was no difference in
strength among the three coating types in data set 2. This analysis suggests,
therefore, that there was no effect of power level on the strengths of the
coatings in data set 2. The average of all coating failure strains in data
set 2 was calculated as -1.29 percent. This result was added to the data set
1 results in Table 17 and Figure 65.

The results of the strength data analyses for data sets 1 and 2 are basically
inconsistent. Data set 1 indicates an effect of power level on coating

strength whereas data set 2 does not. In addition, data set 2 shows a signi-
ficantly greater coating strength than data set 1. These inconsistencies
suggest that additional testing is required before any conclusions can be
made about the true strength of these coatings or the effect of power level
on coating strength.

If we assume that power level does not have an effect on coating strength,
then each data set represents a characteristic strength distribution for the
coating system tested. Although the difference in strength between each data
set is obvious, it is currently unexplained. Thus, although each data set
theoretically represents the same coating system, they will be evaluated
separately, without assuming that either one is incorrect.

The strength data from data sets 1 and 2 were used to evaluate the probability
of coating survival vs. coating strain. The coating strength data from each

set was ranked according to value. The probability of survival (Pg) for each
data point was then calculated from:

Ps = 1-R/(N+1) » (26)
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Table 17

Average Coating Strength as a Function of Plasma Spray Power Level

Power Average
Data | Coating Level Failure
Set Type (kW) Strain (%) Range
1 A 20 -1.09 -0.952 to -1.226
B 30 -1.13 -1.027 to -1.209
C 40 -1.23 -1.073 to -1.427
2 A,B,C 20,30,40 -1.29 -1.170 to -1.430

where R is the rank of the strength value and N is the number of specimens
in each set. This data is shown plotted in Figure 66. The difference in
strengths between the two data sets is illustrated clearly in this figure.

Computerized regression analyses were used to fit fourth order polynominal
equations to this data. These resulting equations are:

data set 1: (r = 0.991)

P = -83.2 + 272.1e - 319.0 €% + 160.4e3 - 29.3¢* (27)
data set 2: (r = 0.989)

Ps = 693.1 - 2331.1e + 2926.9e? - 1622.4e> + 334.7e (28)

where e is the strain in percent, and r 1is the correlation coefficient.

Other probability distributions were also evaluated for their applicability
to the coating strength data. For example, the Weibull relationship (Ref.
8), which is often found applicable to ceramic strength data, was investi-
gated. The Weibull relationship is:

Indn [1/(1 - F)1= mfn (e/eg) (29)

where F is the probability of failure, m and e, are constants, and e is the
failure strain. Thus, a plot of fnin [1/(1 - F)] vs. In(e) should yield a
straight 1ine if this relationship is valid. Figure 67 shows the strength
data from data sets 1 and 2 plotted in this manner. Linear regression anal-
yses were used to mathematically model the data. The resulting equations for
the two data sets are:
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data set 1 (r = 0.965 m-

12)

Inin(1/(1- F) = 12.12 fn(e) - 2.075 (30)
data set 2 (r = 0.970 m = 16)

fnin (1 /(1 - F) = 16.16 £n(e) - 4.577 (31)

where r is the correlation coefficient, and m is the slope of the curve (or
the Weibull modulus).

Inspection of Figure 67 shows the marked difference in strength observed
between data sets 1 and 2. There is also a slight difference in the slopes
of the two curves. The slopes of these curves are referred to as the Weibull
moduli ["m" in equation (29)]. A large value of m indicates a small spread
in strength values. Therefore, Figure 67 indicates that data set 2 was not
only stronger but also had a narrower strength distribution, This again may
be attributed to subtle improvements in the coating application process
between the two specimen sets.

The Weibull probability of failure plots have quite acceptable correlation
coefficients. Also, the Weibull moduli calculated from this data are in the
range of values quoted in the literature for many monolithic ceramics (m = 4
to 20). The significance of this has not been determined.

Either of the probability of failure distributions presented for coating
strain can be used (graphically or mathematically) to predict coating reli-
ability under specific operating conditions. Alternatively, the Tlimiting
operating conditions for a coating can be established for a desired survival
probability. These analyses first require a thermomechanical model of the
coating system, to calculate the strain in the coating. This strain can then
be used to predict the probability of coating survival, using the probability
distributions just presented.

3.4.2 Performance Analyses of Actual TBCs

Performance predictions for the thermal barrier coatings produced in this
study were made using the thrust chamber model described earlier in this
report. A range of steady state operating conditions was analyzed which
included a variety of heat fluxes, temperature gradients and coating thick-
nesses. Measured material properties of the coatings were used; each coating
type was unique in its value of thermal conductivity. An average thermal
conductivity was used in some analyses, to predict the effects of other
parameters.

Material properties other than the thermal conductivity of the coating were
obtained from the literature. These properties are listed in Table 1. Since
thermal conductivity is the only coating property of consequence for steady
state thermal analyses, the thermal analyses of these coatings are expected
to be quite accurate.
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The structural analyses depend upon values for the coefficient of thermal
expansion, Poisson's ratio and the elastic modulus. Although Titerature
values were used for these properties, 1ittle discrepancy between the struc-
tural analytical results and the true behavior of these coatings is expected.
The coefficients of thermal expansion measured in this study agreed well with
the literature values, thus giving confidence in the use of the literature
values in the analyses. The literature values were used because they were
defined as functions of temperature whereas the measured values were obtained
at a specific temperature. Furthermore, the use of the elastic modulus was
often eliminated by evaluating coating strength in terms of strain. Thus,
Poisson's ratio, which is of secondary importance, remains as the only mater-
ial property of any uncertainty in the structural analyses. Future studies
may focus on obtaining accurate measurements of this property, as well as
better measurements of the other properties, to improve the overall coating
model.

Three values of thermal conductivity were used for the coatings in these
analyses: 0.60, 0.935 and 1.0 W/mC. These represent the highest and Towest
measured values of the three coating types tested, and an average of the 30
and 40 kW coatings. This average was taken from the most consistent experi-
mental data that was obtained. —

The cold surface temperature for these analyses was 200°C, unless otherwise
stated. This temperature was thought to be most representative of a steady
state rocket engine operation. Some analyses were performed with a -20°C
cold surface temperature.

Parametric coating systems analyses were conducted using four specific heat
fluxes: 16, 49, 82 and 164 W/mm2., These heat fluxes cover the range of
values typically encountered in uncoated copper rocket thrust chamber walils,
the highest value representing an extreme condition at the throat section.
Applying a TBC will implement a reduction in heat flux through the wall, by
increasing the operating wall surface temperature and thus decreasing the
temperature difference between the gas and the wall.

A simple analysis indicates that this reduction in heat flux may be signifi-
cant. For example, let us assume that the heat flux to the hot surface of
the thrust chamber is due only to convection of the hot gases, and that the
heat transfer coefficient and surface area are constant. Then, any change in
the temperature difference between the gas and the hot surface will result in
a proportional change in heat flux.

Let us assume that the hot gas temperature is 3000°C. Data from NASA indi-
cates that the heat flux through a bare copper thrust chamber wall may reach
164 W/mmZ, Let us further assume that the surface of the copper wall reaches
its melting point of 1100°C at this condition (extreme case). We can now
calculate the expected heat flux through a coated thrust chamber wall opera-

ting with an acceptable surface temperature of 2000°C from

Q = G (Tg - Ts)e/(Tg - Ty (32)
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where Q = heat flux
Tg = gas temperature
Tg = surface temperature

and the subscripts ¢ and b refer to the coated and bare thrust chamber walls,
respectively. This calculation indicates that the heat flux through the
coated wall may be only 53 percent of the heat flux through an uncoated wall,
or 86 W/mmZ at the maximum condition.

Based on this calculation, it is assumed that the heat flux value of 82 W/mm2
used in these analyses is representative of the maximum actual heat flux in
the throat section of a coated high pressure rocket thrust chamber. The lower
heat flux values are expected to represent the non-throat sections of the
coated wall, orzfart-load operating conditions. The analyses using a heat
flux of 164 W/mmé are useful in establishing trends from the parametric study
results.

Figure 68 shows the temperature profiles through a coating system having a
0.0254 mm TBC with average thermal conductivity, for two heat fluxes: 49 and
82 W/mmZ2. These are medium and high heat flux values for a coated high pres-
sure rocket thrust chamber. It is obvious that most of the temperature drop
occurs across the TBC, subjecting the bond and substrate to a relatively
small thermal gradient, as intended. As also expected, the thermal gradient
through the coating is greater, and the surface temperature much higher, with
the higher heat flux. The lower heat flux requires a surface temperature
approximately equal to the maximum desirable ceramic temperature (~1900°C).
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Figure 68. Predicted Coating Temperature Profile
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Figure 69 shows the hoop (or axial) stress profile that results in this
coating system from the imposed thermal gradients. These curves show the TBC
and bond coat in compression and the substrate primarily in tension. The
higher heat flux induces higher compressive stresses in the ceramic and higher
tensile stresses in the substrate, than the lower heat flux. These differences
are approximately proportional to the difference in temperature drop between
the two cases. The magnitudes of the coating stresses are relatively high,
?n the order of 500 MPa. The significance of these stresses will be discussed
ater,

Figure 70 shows the radial stress profile through the same coating system.
The magnitude of these stresses are quite small, (0-3 MPa), but are greatest
in the copper substrate. Also, the effect of heat flux is most significant
in the substrate, whereas the temperatures, hoop and axial stresses were most
affected in the coating.

Figure 71 represents the temperature profiles through two coating systems
having a 0.0254 mm TBC with different thermal conductivities: 0.6 and 1.0
W/mC. The heat flux through these coatings is 82 W/mmz. The thermal gradient
and surface temperature of the ceramic coating are much greater with the
lower value of k. No difference was calculated in the thermal gradients of
the bond and substrate between the two cases, and again, this thermal gradient
is relatively small. In this case, both of the ceramic surface temperatures
exceed the maximum desirable ceramic operating temperature.

Figure 72 shows the hoop (or axial) stress profiles through the same coating
system. Again, the TBC .is shown under significant compressive stress (500-800
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Figure 69. Predicted Hoop and Axial Coating Stress Profile

86




Stress (MPA)

0.0
-1.0F
-20
Q = 82 W/mm2
-3.0 Measured
K = 1.000 W/m °C
t = 0.0254 mm
-4.0 ] ] I | |
32.80 33.00 33.20 33.40 33.60 33.80 34.00

Radius (mm)

Figure 70. Predicted Radial Stress Profile Through Coating Using

Temperature (°C)

Average Measured Thermal Conductivity

5000
B
4000 [~ Q = 82 Wimm?2
t = 0.0254 mm
30001~ A:K = 1.0 W/m °C
' B:K = 0.6 Wim °C
2000 -
1000
0 | | | | |
32.80 33.00 33.20 33.40 33.60 33.80 34.00
Radius (mm)

Figure 71. Coating Temperature Profile

87



500
0 -
< _so0}-?
=
@ Q Imm2
o _ - = 82 W/mm
& 1000 t = 0.0254 mm
—-1500 A: K = 1.0 Wim °C
B: K = 0.6 Wim °C
— 2000 | | I | |

32.80 33.00 33.20 33.40 33.60 33.80 34.00
Radius (mm)

Figure 72. Hoop and Axial Coating Stress

MPa). The bond and some of the substrate are also in compression, while most
of the substrate is in tension. The coating with higher thermal conductivity
is seen to incur significantly less stress than the other coating, while the
remainder of the coating systems stresses are identical.

These initial analyses indicated that a coating thickness of 0.0254 mm may be
inadequate for very high heat flux conditions. Thus, a series of analyses
were conducted to determine the effect of coating thickness on coating surface
temperature at the maximum heat flux condition expected in a typical high
pressure rocket thrust chamber: 82 W/mm2. The results of these analyses are
presented in Figure 73, for two values of coating thermal conductivity: 0.6
and 1.0 W/mC. A desirable maximum ceramic operating temperature is shown
here as 1900°C.

Inspection of Figure 73 is very informative. This analysis demonstrates the
importance of accurately knowing the thermal conductivity of a TBC and of the
ability to accurately, and precisely, control coating thickness. For example,
suppose that a 0.015 mm coating with k = 1.0 W/mC is specified for this high
heat flux application, to operate at the limiting surface temperature. If
the conductivity of the coating is actually 0.6 W/mC, the ceramic surface
temperature must be increased to approximately 2600°C to accommodate the same
heat flux.

Similarly, assume that a 0.009 mm coating with k = 0.6 W/mC is specified for
this same application, again to operate at the 1imiting surface temperature.
If a portion of this coating turns out to be 0.015 mm thick, the ceramic
temperature may exceed the desired limit in that area if the heat flux is
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maintained. The effect of thickness is seen to be more pronounced for the
lower thermal conductivity coating, as its slope in Figure 73 is steeper than
the other.

Figure 74 shows the effect of coating thickness on the maximum compressive
coating strain in the TBC, for two coat1ng thermal conductivities (0.6 and
1.0 W/mC) and a heat flux of 82 W/mm2. Coating strain is seen to increase
with coating thickness, and at a faster rate for the lower thermal conductiv-
ity coating. Again, the significance of thermal conductivity is demonstrated
in this figure. For example, a 0.010 mm coating with k = 1.0 W/mC operating
at this condition would experience a compressive strain of approximately
0.95%. If the coating actually had a conductivity of 0.6 W/mC, the coating
strain would increase to 1.50%, for the same heat flux. Thus, coating strain
may be significantly affected by thermal conductivity, with the effect be1ng
more pronounced at higher thicknesses.

Figures 73 and 74 demonstrate the sensitivity of coating performance to
thickness and material property variations. Thickness variations are signi-
ficant due to the thin values required for high heat flux applications.
Thus, although the variation required to cause failure may amount to a 100%
increase in coating thickness, the absolute value may only be on the order of
0.01 mm. Control of coating thickness to this degree may be very challenging.
Also, thermal conductivity measurements made earlier were found to vary by up
to 15%, for one particular coating type. This variation may have a signifi-
cant effect on coating performance. The point to be made is that the accep-
table operating conditions for a particular coating system may be signifi-
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cantly limited by the accuracy and precision of the coating application
process.

The curves in Figures 73 and 74 were constructed for a specific heat flux.
These curves are useful for preliminary coating system evaluations, if the
heat flux is approximately correct. However, the true effect of TBC varia-
tions on coating performance requires an extended heat transfer analysis. For
example, an increase in coating thickness will most likely cause a decrease
in heat flux due to an increase in surface temperature. Thus, more detailed
analyses are required to accurately evaluate a particular coating system for
a specific application.

For example, a simple evaluation of the relationship between heat flux and
coating thickness can be made as follows. Let us assume that the following
parameters are constant: gas temperature (Tg), cold surface temperature
(Tc), heat flow area (A), hot surface heat transfer coefficient (h), and the
coating thermal conductivity (k). For a steady state thrust chamber condi-
tion, we can write:

Q/A = h(Tg - Ts) = k(Ts - Tc)/t (33)
where t is the coating thickness.
Solving for t:

t = Kk(Ts - tc)/h(Tg - Ts) (34)
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If we let ta represent the actual coating thickness and td represent the
design coating thickness, we can evaluate the effect of thickness variations
on the coating surface temperature:

ta/td = (Tsy - Tc)(Tg - Tsq/(Tsq - Tc)(Tg - Tsy) (35)

where the subscripts a and d represent actual and design conditions respec-
tively. Assuming reasonable values for Tg (3000°C) and Tc (200°C) we can
plot coating surface temperature versus normalized thickness (ta/td) for
various design surface temperatures (see Fig. 75). Note that at a normalized
thickness of 1.0, the actual coating surface temperature equals the design
surface temperature. Actual surface temperature then increases non-linearly
with coating thickness, rapidly at first, and gradually approaches a maximum
value. It is interesting to note that coating surface temperature is espe-
cially sensitive to thickness variations around the design point.

Curves like those in Figure 75 can be used to select a nominal coating design
thickness, based on a maximum allowable coating temperature and a probable
thickness variation. By locating the point defined by (1) a normalized
thickness based on the maximum possible coating thickness and (2) a maximum
allowable coating temperature, one can define the coating design temperature
and thus the nominal coating thickness. For example, if we select a maximum
allowable coating temperature of 2000°C, and suspect the coating may be 100%
thicker than the design thickness in some areas (Ta/Td = 2), then the coating
should be designed for a surface temperature of approximately 1450°C.
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Figure 75. Effect of Thickness Variations on Surface Temperature
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The analytical results shown in Figures 73 and 74 indicate that the TBC's
under study must be very thin to survive the high heat fluxes anticipated in
high pressure rocket engine thrust chambers. Figure 73 indicates that a
coating thickness less than 0.015 mm is required to prevent surface melting
at the highest heat flux evaluated. These analyses also indicate that the
coatings under study are likely to fail structurally prior to melting. For
example, Figure 73 shows that a 0.015 mm thick coating with k = 1.0 W/mC
would operate at the maximum desirable surface temperature of 1900°C. How-
ever, Figure 74 shows that this coating would incur a compressive strain of
approximately 1.30 percent at this condition., This strain corresponds to a
10 to 50 percent survival probability, depending on which strength data set
is used in Figure 66.

Figure 76 shows the effect of coating thickness on surface temperature for a
coating with an average thermal conductivity of 0.935 W/mC, over a range of
heat fluxes. This effect is linear for a constant heat flux. This analysis
demonstrates that surface temperature is much more sensitive to coating
thickness changes at high heat fluxes, than at low heat fluxes. The heat
fluxes shown in this figure cover the range of anticipated operating conditions
for a typical high pressure thrust chamber application. Again, it can be
seen that a very thin coating (less than 0.02 mm) is required to accommodate
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the high anticipated rocket engine heat fluxes (82 W/mmZ) without excessive
surface temperatures (<2000°C) for this coating.

Figure 77 shows the effect of coating thickness on maximum compressive coating
strain for the same conditions as just described. This effect is linear for
a constant heat flux. Coating strain is most sensitive to coating thickness
at the high heat flux conditions. At the highest anticipated rocket engine
heat flux condition, 82 W/mmz, the predicted coating strain is quite high
compared to the survival probability curves shown in Figure 66. Coating
thicknesses of this coating type which incur reasonable strains (say <1.0%)at
this heat flux are quite thin (~0.01 mm). '

Figure 78 shows the effect of coating thickness and thermal conductivity on
heat flux for a specified ceramic surface temperature of 1927°C and a cold
surface temperature of -18°C. This hot surface temperature is a desirable
operating 1imit for the ceramic coating. Heat flux is inversely proportional
to coating thickness and directly proportional to thermal conductivity. The
heat flux values shown in this figure cover the range of heat fluxes expected
in most rocket thrust chambers, The coating thicknesses required to maintain
an acceptable surface temperature at the most severe rocket engine conditions
are again quite small (<0.02 mm), even for the coating with the highest
measured thermal conductivity.
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Figure 77. Coating Strain Versus Coating Thickness for
Various Heat Fluxes
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Figure 79 shows the effect of coating thickness and temperature differential
on the heat flux through a coating having an average measured thermal conduc-
tivity of 0.935 W/mc. The cold surface temperature for these analyses is
-18°C. The ceramic surface temperature associated with the upper curve is
2200°C, which is greater than the desired maximum coating temperature, but
less than the ceramic melting point. The lower curve represents a moderate
ceramic surface temperature. Heat flux is inversely proportional to coating
thickness and directly proportional to the temperature differential. The
heat fluxes in this figure cover the range of values expected in the rocket
engine thrust chambers. Again, the coating thicknesses required to accommo-
date the higher heat fluxes, even with an excessive ceramic temperature,
under these conditions, is very small,

The performance curves presented in this section can be used to evaluate the
general behavior of the TBC's produced in this study, under anticipated high
pressure rocket thrust chamber operating conditions. These curves are also
useful for demonstrating the effects of various parameters on coating perfor-
mance. The analytical thrust chamber model can easily be used to evaluate a
particular coating system under more specific operating conditions, and can
be readily refined to incorporate more accurate material properties and/or
boundary conditions as they become available.

3.4.3 Coating Design Technique

To illustrate an analytical coating design technique, the models described in
this report were used to establish design criteria for the coatings produced
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Figure 79. Heat Flux Versus Coating Thickness for Two ATs

in this study for rocket thrust chambers. These design criteria are essen-
tially operating limitations and coating thickness limitations which must not
be exceeded, to assure successful operation of the TBC. The physical limita-
tions of the coating dictate the design criteria. The physical limitations
considered for these analsyses were maximum compressive coat1ng strain and
maximum coating temperature.

The maximum allowable coating strain was established using Figure 66.
Strength data from the first, and weaker, specimen set were used to evaluate
the "worst" case. A survival probability of 95 percent was arbitrarily selec-
ted as a design criterion for the coating. Using the curve in Figure 66 for
data set 1, a maximum allowable coating strain of one percent was established.
A coating temperature limitation of 2000°C was also selected, based on infor-
mation from the literature and past experience at Solar.

The coating system model of a rocket thrust chamber wall was used to evaluate
the performance of the TBC's under steady state operating conditions. Various
operating conditions, coating thicknesses and coating types were evaluated to
define those combinations that cause excessive strain or temperature in the
coating. A constant cold surface temperature of 200°C was maintained for
these analyses and a range of heat fluxes was investigated.

Two coating types, A and C, were evaluated. These represent the 20 and 40 kW
coatings respectively. For these analyses, the coating types were differen-
tiated only by the thermal conductivity of the coating. It was assumed that
both coating types reflect the same strength distribution.
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It was found that coating strain, rather than temperature, was always the
1imiting factor in these analyses. The results are presented in Figure 80
which shows maximum allowable heat flux through the coating vs. coating
thickness for the two coating types. These results corroborate past exper-
ience which indicates that thin coatings can tolerate greater heat fluxes
than thick coatings, without failing. These analyses show the inverse re]a-
tionship between maximum allowable heat flux and coating thickness.

It is again noted that the high heat fluxes anticipated in high presure rocket
engines (~82 W/mml) require an extremely thin coating (<0.02 mm) for struc-
tural integrity. Also of interest is the significant effect that coating
properties and coating thickness can have on the allowable heat flux for thin

coatings.
3.4.4 Discussion of Analytical Results

Coating systems analyses were conducted to establish the performance charac-
teristics and operating Timitations of the TBCs produced in this study for
high heat flux applications. The finite element model that was used in these
analyses simulated the coated throat section of a thrust chamber, which
experiences an extremely high heat load. Previous calibration of the finite
element model, including an evaluation of the significance of element aspect
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Figure 80. Maximum Heat Flux Versus Coating Thickness at 1% Strain
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ratio, provides confidence that the model works properly. However, the
accuracy of these results ultimately depends upon how closely the model
simulates the actual coating system. This is determined largely by the
accuracy of the geometry, boundary conditions and material properties.

The geometry of the finite element model is that of a cylinder. Although the
actual thrust chamber throat is a curved surface, it is expected that the
model geometry accurately represents a very small length at the middle of the
throat, where the slope of the surface is parallel to the gas flow. The
boundary conditions selected for these analyses covered ranges of anticipated
operating conditions, based on the best information available from NASA. The
most accurate material property data available were used in this model, and
were specified as functions of temperature. The results of these analyses
are therefore thought to be reasonably accurate.

These results suggest that the coatings evaluated in this study must be very
thin to be practical for rocket thrust chamber applications. The thicknesses
required to assure structural integrity at the high heat flux operating
conditions are on the order of 0.010 mm. (This is based on the assumption
that coating failure results from compressive thermal stress.)

Furthermore, it is obvious from these analyses that variations in coating
thickness and material properties may significantly affect the performance of
very thin coatings. Precise control over coating thickness and accurate
knowledge of the coating properties may be essential to the successful opera-
tion of TBCs in high heat flux environments. Because of the thinness of
these coatings, adequate control of the coating thickness may present a
formidable challenge. Methods of accurately predicting coating material
properties and precisely controlling coating thickness may each require a
significant development effort.

Two basic approaches for making these coatings more compatible with the high
pressure rocket thrust chamber requirements have been defined:

1. Develop a stronger coating to insure that surface temperature,
rather than coating strain, is the primary limitation for heat
flux., Then, by maintaining the lowest cold surface temperature
practical, the heat flux through the coating can be maximized for a
given coating thickness.

2. Develop a technique for controlling coating thermal conductivity.
Then heat flux can be regulated within the material limitations of
the coating system.

Both of these approaches require additional coating development work.
3.5 TEST THRUST CHAMBER COATING

A test thrust chamber is shown 1in Figure 81. This chamber has an inner
diameter of 6.6 cm. Coating of this inner diameter required the use of
different equipment than had been used in the previous program development
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Figure 81. NASA Thrust Chamber for Test Coating

steps which employed a standard 7M gun configuration. The gun was changed to
use a /MBT-12 angle extension. The anode for this unit is designed to deflect
the plasma gas at an angle of 45 degrees to the gun axis for coating the
internal surfaces of small cylinders.

The equipment changeover required minor adjustments in the deposition process
to achieve coatings equivalent to those initially established. Copper rings,
6.6 cm in diameter by 1.25 cm long, were fabricated from 0.81 mm copper sheet.
The rings were mounted in a rotating fixture and the inner surfaces were
coated., Forty-two rings were coated initially. Arbitrary adjustments to the
gun parameters were made until coating appearance and deposit rates appeared
similar to those obtained with the standard equipment. Initially, wide vari-
ations in coating quality were observed. These were traced to rapid anode
wear. Normally these variations would not be significant when conventional
coating thickness were being applied. However, the very thin coatings re-
quired for this application were sensitive to minor changes in gun character-
istics. Anode usage was then limited to three hours.

Twenty-eight additional rings were then coated and metallurgically sectioned
to further refine the coating process. The parametric variations are given
in Table 18. These tests included minor adjustments to the spray parameters
and thickness variations to verify consistent coating application.
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Table 18

Specimen Definition in Final Ring Coating Tests

Thick (mil) Gas flow (cfh)
Ring .

Specimen | Volts-amps | Volts-amps | Bond | Ceramic | Bond | Ceramic
43 65-500 70-600 1 4 60 80
44 65-500 55-400 1 4 60 50
46 65-500 55-400 1 4 60 50
47 70-600 70-600 1 4 80 80
48 70-600 70-600 1 4 100 80
49 70-600 55-400 2 4 80 50
50 70-600 65-500 2 4 80 60
51 70-600 65-500 2 4 80 60
52, 70-600 65-500 1 0.5 80 60
53 70-600 65-500 1 0.5 80 60
54 70-600 65-500 1 0.5 80 60
55 ~70-600 65-500 1 1 80 60
56 70-600 65-500 1 1 80 60
57 70-600 65-500 1 1 80 60
58 70-600 65-500 1 2 80 60
59 70-600 65-500 1 2 80 60
60 70-600 65-500 1 2 80 60
61 70-600 N/A 1.5 N/A 70 N/A
62 70-600 70-600 1.5 1 70 80
63 70-600 70-600 1.5 0.5 70 80
64 70-600 70-600 1.5 2 70 80
65 70-600 70-600 1.5 4 70 80
66 60-500 N/A 1.5 N/A 70 N/A
67 70-600 70-600 1.5 0.5 70 80
68 70-600 70-600 1.5 1 70 80
69 70-600 70-600 1.5 2 70 80
70 70-600 70-600 1.5 4 70 80

The bond coat selected for these test chambers is shown in Figure 82. This
bond coat was applied at 42 kW as indicated for ring #49 in Table 18. The
ceramic applied to this ring was not considered to be suitable, so the ceramic
coating parameters of ring 47, Figure 83, were selected for the 42 kW ceramic
coating. Table 19 shows the parameters used to spray the cylindrical thrust
chambers and the original flat test specimens.

The effect of increasing plasma gas flow and the bond coat can be seen by
comparing Figure 82 and 83, both were applied at the same parameters except
for plasma gas flow. The higher flow used for ring #47 caused overheating
and oxidation of the substrate and poor deposition of the NiCrAlY. However,
for the zirconia coating it was found necessary to use a higher power level
and gas flow to achieve the desired coating structure. The coating applied
at 32 kW with a Tower gas flow had a nonuniform structure with numerous large
voids.
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Figure 83.
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Table 19

Plasma Spray Parameters for Flat and Ring Specimens

Flat Flat Flat

Ceramic|Ceramic|Ceramic| Flat | Ring Ring

Coating|Coating|Coating| Bond |Ceramic| Bond

#1 #2 #3 Coat |[Coating|Coating

Current (amps) 400 500 600 500 600 600
Voltage (volts) 50 65 70 65 70 70
Power (kW) 20 32 42 32 42 42
Argon (m3/hr) 2.97 2.97 4,25 5.66 | 2.27 2.27
Hydrogen (m3/hr) 0.085 | 0.14 0.20 0.11 | 0.425 | 0.453
Stand-0ff (cm) 6.4 6.4 6.4 6.4 3.18 3.18
Plasma Velocity (m/s)| 25.4 30.5 43.7 32.5 -- -
Power Port No. 2 | No. 2 | No, 3 | No. 2| No. 2 | No. 2
Cooling Air (kPa) 551 551 551 551 538 538
Nozzle GH GH 703 GH 713 713

Having selected the specific parameters for coating the thrust chamber, a
fixture was constructed for rotating and cooling the chamber during coating
application. The set-up is shown in Figures 84 and 85. A standoff support
was constructed to allow the plasma gun to exit from the chamber at each end
of every traverse. This platform was then mounted on the end of a hollow
shaft. Cooling air for the chamber was introduced into the hollow shaft
through radial holes and a concentric manifold. This air was then introduced
into the chamber fuel passages through tubing connected to the fuel Tlines,
and used to cool the substrate during coating. A collector ring, not shown
in the photographs, was added to catch the cooling air and direct it over a
thermocouple for monitoring cooling air temperature during coating. The
entire unit was then coupled to a variable speed drive for rotation during
spraying., Rotational speed was 73.5 rpm which produced a surface speed of
15,2 m/min.

The first cylinder was coated to a nominal ceramic coating thickness of 0.025
mm. Telatemp Recorders (Telatemp, Fullertin, CA) were usd to determine the
maximum substrate temperature during coating. A concentric flange with a 6.3
mm wall was attached to the end of the cylinder for metallurgical sectioning
after coating. The cylinder was coated and a section made of the test speci-
men. It was found that the coating shown in Figure 86, was unacceptable.
The directional effects of the 45 degree extension gun are evident. The
coating section shows a shadowing effect from the initial particles much like
a snow fence with inconsistent voids and uncoated areas. To prevent this, it
was decided to reverse the cylinder with respect to gun traverse to provide a
more uniform coating buildup. The effect of this on the ceramic phase is
evident in Figure 87 with a uniform deposit of zirconia on each side of the
bond coat projections. Backside cooling of the substrate was inadvertently
reduced during this test and substrate overheating resulted in excessive
oxidation and poor adherence.
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Figure 86.

First Coating Applied to a Thrust Chamber With a 7MBT
Extension

Figure 87.

(Mgnification: 500X)

Coating Applied With Periodic Reversing of Cylinder
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The initial cylinder was stripped and recoated with cyclic reversal. The
maximum temperature of the unit was found to be 121°C using the data from the
Telatemp recorders. A test section showed the coating thickness to be between
0.019 and 0.025 mm which is within the error expected for a nominal 0.025 mm
coating.

The second cylinder was coated in the same manner to a nominal ceramic coating
thickness of 0.013 mm. This coating thickness was found to range between
0.013 mm and 0.019 mm with the majority of the coating being close to the
lower 1imit. This coating closely followed the contours of the bond coating
without the leveling effects of the thicker coatings (see Fig. 88). It is
expected that this might create a heat transfer problem in the anticipated
service environment.

The third cylinder was coated to a thickness of 0.076 mm in the same manner
as the previous two. No significant change in coating characteristics was
observed. The fourth cylinder was coated to a thickness of 0.025 mm. This
coating appeared to be slightly more porous than the previous specimens, but
in the thin coating no quantitative differentiation could be made.

The change from flat specimens and rings, used for initial studies, to a small
diameter cylinder introduced variations in the coating procedure. The limited
access prevented using gun standoff as a process parameter and required
adopting previously developed parameters in a new gun configuration. Also,
parameters developed for gun power levels at significantly higher values than
40 kW could not be used.

(Magnification: 500X)

Figure 88. Coating Applied to a Planned Thickness of 0.013 mm
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In practice, the coating power levels developed for the ceramic coating proved
to be effective. It was necessary to adjust powder and plasma gas flow to
provide a duplicate zirconia coating. Applying a reliable NiCrAlY bond coat
was less successful and this process needs to be improved. The gases entrap-
ped in the cylinder during spraying reacted to minor disturbances and unmelted
oxidized particles were entrapped in the bond coat, preventing proper adher-
ance. Bonding of the NiCrAlY to the copper substrate was not fully reliable
and no nondestructive test was found. Throughout the cylinder coating tests
this bond was found to be the weak point of the system and generated several
problems in reliability that have not yet been resolved.

Four additional test chambers were coated at a later date. These coatings
were applied with several process modifications to reduce substrate oxidation.
The modifications consisted of improved substrate cooling, inert gas injection
at the plasma gun tip, increased powder feed to reduce the time required to
apply the bond coat, and improved substrate surface preparation using a larger
grit size.

Al11 of the coated test chambers are more fully documented in a separate lab

report issued to the NASA program manager: Solar Report No. SR85-R-2151-00
(01/31/85).
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4

CONCLUSIONS

A practical analytical model of a TBC has been developed. This model
combines empirical material property data with finite element analyses
to predict the performance of the coating in service. This model can be
used to evaluate the effect of coating deposition parameters on coating
performance by first determining the effect of these parameters on the
coating properties,

An analytical model of a porous coating structure was partially devel-
oped. This model requires additional development but appears to have
potential for ultimately correlating coating thermal conductivity with
deposition parameters,

Theoretical models of mixtures appear to have potential for predicting
the thermal conductivities of TBC's. These models require empirical
adjustment but may provide an accurate and practical method of calcula-
ting coating thermal conductivity as a function of porosity.

A practical method of testing coating strength has been developed. The
four point flexure tests provide a simple and economical method of
measuring coating strengths. Plastic deformation of the copper substrate
causes complications in the strain analyses and contributes to the
experimental error of the measurements. Due to the statistical nature
of ceramic strengths, sets of 30 specimens are recommended per test to
obtain reliable results.

A convenient method of utilizing the coating strength data is to estab-
lish a failure probability distribution for each coating type. Compar-
ison of strength distributions can reveal differences between coating
types. These failure probabilities can be used to statistically predict
coating failure.

The coating stregth data generated in this study produced conflicting
results. Two sets of data were generated at different times. The second
set showed a significant increase in strength and a narrower strength
distribution. Also, the first data set indicated an effect of plasma
gun power level on coating strength whereas the second set did not. No
conclusions are drawn as to the effect of power level or about the true
strength of these coatings.

Performance analyses of the coatings produced in this study indicate
that extremely thin (<0.02 mm) coatings may be required to operate
reliably in the high heat flux environment of a high pressure rocket
thrust chamber. v
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11.

12.

These performance analyses indicate that structural failure is likely to
occur before the coating melts, for the coatings evaluated.

Two methods of improving the applicability of these coatings to rocket
thrust chamber applications are (1) increase coating strength so that
surface temperature becomes the limiting factor rather than strain and
(2) increase the thermal conductivity of the coating to accommodate
higher heat fluxes.

These analyses have demonstrated that coating performance is extremely
sensitive to coating thickness and thermal conductivity at the very high
heat flux conditions. The need for very accurate knowledge of the
coating properties and precise control of the coating thickness is
apparent at these high heat fluxes.

A practical coating design technique has been demonstrated. This tech-
nique uses the coating performance model to calculate the maximum allow-
able heat flux through the coating, as a function of thickness, based on
physical coating Tlimitations (strain, temperature). This provides a
convenient plot of the recommended operating envelope for a specified
coating reliability.

Coating tests indicate that the weak point in these coatings may be the
bond-to-substrate interface.
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5

RECOMMENDATION

Additional strength data should be generated to resolve the conflicting
results obtained to date, and to establish a reliable failure probability
distribution for these coatings. A method of eliminating plastic defor-
mation of the substrate should be investigated to eliminate a source of
experimental error. Testing specimens made with a stronger substrate
(e.g., steel) should be tried.

A method of measuring Poisson's ratio and the elastic modulus of these
coatings should be explored, to improve the basic coating model.

The porous coating model should be developed further. Alternative meth-
ods of characterizing a coating structure to accommodate analytical
modeling should be explored.

Experimental coating development should be conducted to improve the
strength of these coatings and perhaps to control their thermal conduc-
tivities. The analytical model of the porous coating may be useful in
developing a technique for controlling the thermal conductivity of the
coating. ‘

Performance analyses of these coatings should be conducted for transient
thermal conditions. These conditions may induce higher strains than
those calculated for steady state conditions.

Coating strength should be measured as a function of time and tempera-
ture. This could be done by subjecting groups of specimens to high
temperature environments for specified lengths of time and testing their
strength with the four-point flexure test. These results could then be
incorporated into the coating model to predict coating life during a
specified operating cycle.
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APPENDIX 1

COATING STRESS/STRAIN ANALYSIS FOR FOUR POINT FLEXURE TEST
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Plastic deformation of the copper substrate during strength testing required
that a sophisticated stress analysis be developed to calculate the true
strains in the coating at failure. The premise of this analysis is that the
neutral axis of the coated beam specimen shifts towards the ceramic coating
as the copper plastically yields. The location of the neutral axis must be
determined to evaluate the strain in the coating. The neutral axis is defined
as the plane which experiences no axial dimensional change, thus the sum of
the bending moments about this axis 1is zero. This provides a method of
Tocating the neutral axis by using a moment balance.

It is assumed for this analysis that the copper substrate behaves as a per-
fectly plastic material (strain hardening is neglected) and possesses equal
properties in tension and compression. Material property values for the
copper and the ceramic were obtained from the literature (Refs. 10-16).
These properties are: ~

Yield strength, copper YSey = 70 MPa 5
Elastic modulus, copper ECu 1.12 x 10 4MPa
Elastic modulus, ceramic Ecer = 4,48 x 107 MPa

The bond coat was neglected in these analyses.

The stress distribution in the coated flexure specimen during testing is
shown in Figure 89. The stress in the copper substrate increases linearly
with distance from the neutral axis, until the yield stress is reached. The
stress beyond this point remains constant and equal to the yield strength of
the copper. The strain in the ceramic coating is assumed to be elastic until
the point of failure. Thus, the stress in the coating is assumed to remain
directly proportional to the distance from the neutral axis.

Three dimensions are required for this analysis: Rj (or R; ty and t) which
are defined in Figure 89. An arbitrary approximation for the rad1us of
curvature of the neutral axis (R) is used to begin an iterative solution
procedure. Each iteration involves calculating the extent of the elastic
zone (e) and the net moment about the neutral axis. If the calculated net
moment is not sufficiently close to zero, a new value of R is selected and
the next iteration performed. The true neutral axis is found by iterating
until the net moment is essentially zero.

The computer program created for this analysis uses the midpoint of the beam
specimen, (t1 + t2)/2, as the initial "guess" for R. An iteration procedure
is then used to converge on the true R, subtracting increments of DR
(typ1ca11y 2.54 x 10-6 mm) from R for each iteration., Convergence on a
solution is determined when the sense of the net moment changes sign. The
true neutral axis is calculated as the average of the last two radii evalu-
ated. The strain in the ceramic coating (€.) is then calculated from

where ¢ is the distance from the neutral axis to the point of interest.
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APPENDIX 2

EXAMPLES OF FINITE ELEMENT THRUST CHAMBER ANALYSES
INPUT AND OUTPUT

(THERMAL AND STRESS)
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INTRODUCTION

This appendix documents the basic thermo-mechanical coating system computer
analyses used to evaluate thrust chamber coating performance on this program.

Representative input and output files for use with the ANSYS computer code
are presented. A thermal analysis input file is listed on page 121. The
associated output for this file is listed on pages 122 through 136.

A stress analysis input file is listed on page 138. The associated output
for this file is listed on pages 139 through 154,

Post processing input and output files are listed on pages 155 and 156. This
analysis calculates stresses at the nodes in the finite element mode.
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NEINEER TN FHIN—4 O B2 SO ARTURBINE § —ati§—1;t
hWANSON ANALYSIS SYSTEMS. INC HOUSTON. PFNNSYLVANIA 15342 PHONE (012)706 2304

NS G N A TS 3-SR Fy- 3
T 51
TITLE 10.0986 S/ 8,84 C]

xkxkx ANSYS ANALYSIS DEFTNITIGN (PREP7) kxxxx

Tvx

NFW TTITLES THRUST CHAMBER MODEL .

PRINTOUT RESUMED BY /GUP:

ANALYSIS TYPE=z =1

TFMPERATURE OFFSET FROM ABSOLUTE ZERG= 460000
FI EMENT TYPE 1 USES STIFSS

0 INUTPR- 0 NUMBER OF NODES= [}

KEYOPT(1=9)= 2 a4 1 6 o 0 0 0
TYSOFAR . THERWMAL SULIT, 2<0 T
CHRRENT "NODAL DOF SET IS TEMP
TTWOSOIMFNSTUNAL STRUCTURE T
MATERIAL 1 COEFFICIENTS OF KXX VS. TEMP EQUATION
e £0 = __0.1250000E=-04 : e . R e
PRUPERTY TARLE.KXX  NATS 1 NUM. POTHTSz 2
,TEMPFRATURE DATA TEMPFRATURF NATA
e 0.0000000E+00 _0,1250000F=04 _ 23060000 _  0.1290000€=04 i -
MATERIAL 2 CGtFFIrIFNTs OF KxX VvS. TEMP FGUATION
CO = Q.1180000E=03 Cl = (.nlB80000F=07 CP = 0.0000000E+00Q
..£3 = 0.0000000E+00 _C4 = Q.,..0_.0.00,0ﬂDf.t!U)._.,._ . e
OPFRTY TABLF,.KXX MAT= 2 Num. PGTINISz 2
. TEMPERA TURE DATA TEMPFRATURE NatTa
) 0.0006000E+00_ 0,1180000Fk=03 ~ 2300.000 0.2601400E-0% o
MATERIAL 3 CUEFFICIFNTS UF KXX V3. TEMP FAUHATIUON
- co = 0o §211U00E ~{e
TPROPFRTY TARLE AXA TFAT="7"3 " jaur’. POTNTS=E 2
TEMPERA FURE OATA TEMPFRATURF NATA
DQ00000F+00 0.5231400E=0G2  2300.000 0.9P31400E=-(2
" MATERTAL t Tt CGEFFICTENTS OF V3. TEWP FALATION
€O = 1.000000 :
FROPFRTY TAHLE,C MAT= 1 NUM., PUTHTS=z 2
V TEMPERATURE ™ DATE™ “TEMPFRATURE ~ 77 DaTa
0 0GOO000E+O0 1.0060G6G0 2400.000 1.000000
MATERTAL 2 CUEFFICIENTS OF ¢ VS, TEMP FRUATIORM
CO0T = 1 p0a00d e TS
PROPFRTY TABLE.C MAT=_ 2 NUM. POTNTS= 2
e L TEMPERATURE _ DATA _ "TEMPFRATURF  DATaA o o
0.0000000E+067 1200000600 300,000 t.000000
MATERTAL 3 CUEFFICIENTS OF C Vs, TEMP FQUATION
e 1.000000 L o o -
PROPERTY TAhLE.C AT= 3 NuM. POINTS_ 2
, TEMPERATURE DATA TEMPFRATURE DATA
0.0000G00E+00 _ 1.00000 2300.000 _t.000000 . e
MATERTAL 1 COEFFICIFNTS OF NFNS VS. TEMP FOUATION
cao = 1.000000
~PROPERTY TABLFiaENS““WAT;““‘l‘*NUM POTINTSz 2
, TEMPERATURE DATA TEMPFRATIRE nNaTa
0.0000000E+00 1.000000 A300.006 1000600
”'MnTERIAl“‘“F'””“"”'*‘“CUEFFTCIFNTS'UF NENS VS, TEMP FQUATION
o = .NCG0000
WPROPFRTY TABLE,NENS AT= Z NuM. POTNTS=E 2
- TEMPERATURE =~ "DATA " " TEMPFRATURE " DATA
0 N0O00000E+OD l.OGOO(H' 2300000 1.000000
MATERIAL 3 CUEFFICIFNTS OF DFNS VS.L TEMP EQUATION
- gn = o t.006000 T
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PROPFwTY TAHLE,DENRS |AT‘ 3 humM, PuliiTlszs P

TEMPFRATURE Cai TFMPFRATUKF
06.0000000E+00 1,0000 10 ARau.000 1
NODE 1 &C$= 0 X,Y,Z= 1.7645 0L MO0ONE=0P
TKADE T T TRCSETO TN,V ZETTLTYGASTTTT AL 000008400
FYLL S POINTS BETwWEEN NODE 1 AND NODF 7
. START WITH NODE_ 2 AND INCREWMFNT BY 1
GFNERATE 4 TDTAL SETS OF WODES WTTH [NCRFMFNT

SF1 18 FROM 1C 7 IN STEPS UOF

1
_ GEOMETRY IthENENTS ARE 0.13333F=02 0.00000E+00

GFNERATE 4 TOTAL SETS OF NODES WTTH TNFRFMFNT
SET FROM 22 28 IN STEPS OF
GFONFTRY INCREMEN T  ARE_0.50000E-03_0. OQgpﬂEfno

NODE S0 KLS= 0 X, = 1.3639 O.QOOOUF-GE

Y.l
_NCOF_ 56 KCSZT 0 XeYs2Z  1.3039 - 0.00000E+u0.0

ODE 50 AND NODE 56

FTiLL S POINTS BETWEEN N
AND INCREMENT BY 1

START wITH NODE 51

NDDE &3 KCS= 0 X.Y,7=  1.3068h CLO000GF+00

TFILLT 85 POIRTS BETWEEN WONE — 'S7 ANDTHNODF ™ o3
START »ITH WNCDE 58 AND INCREMENT HY 1
40

KE
_NODE__ k4 KCS= 0_ X.,Y. 23 1.314
NNDE 70 KCS= 6 X.Y,23 1.314

FTLL 5 POInI& RETWEEWN NUDFE nd AND WODF 70
© START wITH WODE ™65 AND™ INCREMFHY RY 1777

NADE 71 KCS= 0 X.Y,2= 1.3202 0.80000F=02
NODE 77T KE3E 6 X.Y.Z3 7 171207 0. BGDOOF+0G

FTLL S POIRTS BETWEERN NGUE 71 AnD NUDF 77
START wITH NGDE 72 ANL INCRFMENT 3Y

NNDE 78 KCS= 0 X.Y.Z= 1.32772 0.90000F=02
_NDE B4 KCSS 0 X.Y,23  1.3272 0.00000E+00

Y
FTLL 5 PUOINTS GETWEEN NODE 78 ANC NUDF ha
START wITH NQDE 75 AND INCKEMENT BY 1

 06.90000F=-0?
DLNO0O0F+u0

TNADE RS KCSET O TURYY T ZE UTLIZST T 6L 9N 00ESG D
NADE 91 KCS= 0 X.Y.Z= 1.3350 0. 00000F+00

NODFE™™ "STT KCSzZ 0 X Y. 73 713086 THL9G060F-0p"

DATA

LO00000

0. 000U0E+00
0.00000E+00

7
D N0AONE+OC
7

0.00000E+00

0. 00000E+00

0 00000E+0G
nlnnnﬁOE+0u

0.000N0E+00
AL 000D0E+DD

n:ununuE+ou
¥
N.00000E+0G

nlonnnoc+00

0. 60000E+00

0L a0n00E+00

0L 00000E+00

”‘VTCF““"?“PUTNTS‘RETWFFN—NUUE’”_Eﬁ“TNU“NUn?’“wqT“““”m“"

START wITH NUODE 86 AND INCKEMFNT RY
VATERIAL NUMBER SET TC 1

:u00005+00,

TTFIEMENT T T = k3 -] ] T T -
RFNERATE 6 TOTAL SEYS OF ELEWMENTS WITH NDNDE TNCRFMENT OF
« SET IS 1 TO 1 IN STEPS OF 1
NTTMHER UF ELUENFNENTSS B
GENERATF 3 ToTAL se TS OF ELEMENTS wITH NODE INGCRFMENT OF
SET IS5 1 IN STEFS GF 1
TNNINBFR UOF tLEMthb“ 18 o
MATERTAL NUMBER SET TO 2
El EMENT 23 30 29 a2 _
RENERATE & TOTAL SETS OF ELEMENTS WITH NODE TRCRFMFRT OF
SET 1§ 16 T0 19 IN STEPS GF 1
NIMBER OF ELEMENTS= 24 . o .
GFNERATE 3 TOTAL SETS OF ELEMENTS WITH NODE INCREMFNT UF
SEY TS 19 TG 24 IN STEPS GF 1
NIIMBER OF - ELEMENTS= 36
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~aTERTA - NUMHE R—SET—FC ;)
FI EMENT 37 44 S1 59 43
PFNERATF 6 TOTAL SETS OF ELEMENTS WITH NODE INCRFMFNT OF 1
S 37 TQ 37 IN STEPS OF
NHMRER OF ELEMENTS= 42
rFNEWATF 6 TOTAL SETS OF ELEMENTS WITH NODE TNCRFMENT OF — 77
37 42 IN STEPS OF 1
NUMBERxOF ELEMENTS: -T2
TNTYTTERE =10 NPRINTZ — 106 NPOST= i T - T
Al L. PRINT CONTROLS RESET TO 10
’Wﬂ‘E’POST”TIATK—FTIETTHHVTRﬁlﬂffﬁESET‘TD“”‘“‘TWW"”“““"““"”' - T T
STEP BUUNDARY CONDITIGCN KEY= 1
TREACTION FORCEKEY=Z 1 - T
SPECIFIFD HEAT FLOW DEFINITIGN FOR HEAT FROM NODE 1 TO NCDE 7 IN STEPS OF 6
VALUES= 0.97088E=02 S . S
SPECIFTED HEAT FLOW DEFINITION FOR HEAT FROM NODE 2 TO NCDE 6 IN STEPS OF 1
VALUES=z 0.19418E=01
TEPECIFTFD TENMP . DEFINITION FOR TEMP FROM NODF™ 8BS TO NUDE S 91 TN STEPS OF Rl )
Val.uES= 400.00 AUDOITIONAL DOFS=
NATA CHFCKED = NO FATAL ERRORS FOUND. o _ N
“rHECK OUTPUT FTUR PCSSIBLE WARNIKG MESSAGFST
ANALYSIS DATA WRITTEN ON FILF2A7 ( 229 LINFS)

F
TAMLTCURRENT "PREPT DATA WRITTENT TU TEF!h
FOR POSSIBLE RESUME FRUOM THIS

wekkx ROUTINE CUMPLETED #*x%x%x (CP = 7.34%40

Jwaxxx INPUT FILE SWITCHED FROM FILE18 TO FTIFe7

. ARSYS = ENG
SWANSUN ANALYSIS

THKUST ChaMBER MUDEL

(71
-
7

M8, InNC.

thh]hh ANALYSTS DYSTEM  KFVISTON 4.
STE i HOUSTUN . PFNNSYLVARTA

. o Xxxxx  NOTICE  xxxx%x  THIS T8 THF ASYS GFNFRAL PUL
FINITE ELEMENT COMPUTFR PROGKRAM. NFTTHFR SWANSON
SYSTEMS, INC. KUK THF CORPORATION SUPPLYING THE C
FACILITIES FUR THIS ANALYSIS AGSUMEF ANY RFSPONMSIR
e THE VALIDITY, ACCURACY. DR APPLTCABTI [TY OF ANY R
OBTAINED FRCN THE AnSYS SYSTFM. THF USFk MUS1 VE
Cah RESULTS.
[ U — .- ’ — - . - — I
SWANSON ANATYSTS SYSTFMSLINA. IS FNNDFAVORING TO M
ANSYS PROGKAM AS COMPLETF. AGCURATE. AND FaSY TU
POSSIBLE. SUGGESTIONS AND COMMFHNTS ARE wWFI NOMED.
e ERRORS ENCOGUNTERED 1N FITHER THF OUCUMENTATION_ UR
RESULTS SHCULT BE IwMEDTATEL Y BRUUGHT Tu OUR ATTE:

Jkxwkk ANALYSIS UPTTUNS sxkxs

VALUF
. ANALYSIS TYPE . . . .. =1 B .
FLEMFNT CONSTANT Ta . 6
NODAL HEAT FLUW KEY - 1
MASTEE DOF RFEAD KeY - 1
. MATFRIAL _TARLE ENTRI e P
UNTFORM TEMPERATURE o o o o . 0.00
TEMPERATURE ZERQ SHIFT . . 4n0.00
xxxxx ELEMENT TYPES %awxx
TUTTYPFT OSTIFTTTTTTTTOESCRIPTYON T T T
1
Y~ B5 ISOPAR._ I_EB“AL SCLIN. P=D 2 0 9
MIMBRER F ELEMERNT TYFES 1
NG *xxkx TABLE OF ELEMENT RFEAL CUNSTANTS wxxxx

NIIMBF R OF REAL CUNSTANT SETs- 0 124
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8 g
0 0
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kxkxx MATERIAL PRUOPERTIES xaxux
MATERIAL 1

KxX PROPERTY TAbLE (LINEAR INTERPOLATIOM)
TEMP KXxX TEMP KXX

TS0 0T TES0UEST4 2300.0 0. 1??10F"UE““
MATERTAL 2

KXX PROPERTY TABLE (LINEAR INTERPOLATTON)
TEMP KXX TEMP KXX

0.0 T0.T1800E-03 2300.0 0.,26014F=03%""
MATERIAL 3

qxx PRUPERT Y

TEMP KXX
523
1

TABLE (LINEAR INTERPULATTUNI

Iy S Sy S V4E=02" 2300070, F??IOF 62

MATERTAL

C PROPERTY TABLE (LINEAR INTEQPU!ATIUN)
TEMP c TEwP

TR0 TTU0000 T
MATERIAL 2

L Cooan T

c PROPERTY TABLE (LINEAR INTFRPOLATION)
TFMP c TEMP c
T0.0 0 109000 T 7 2300.0 C 1.0000

MATENTAL 3

c PRUPFKTY TABLE \LINtAn INTFRPULATTON)
TEMP TEMP C

TUUTTOL0 7T L0000 T 230000 T 1 0000 T
MATERTAL 1

NDENS PROPERTY TaBLE (LINEAR INTERPOLATION)
TEMP OFNS TEMP DENS

ST Y0000 T T2300TO TSm0 T
MATERTAL 2

DFNS PHOPENTY TABLE (LINEAR INTERPOLATION)
TEMP TEMP DENS

gL L0000 T TTRI00S0TTY '.”ﬂﬂﬂﬂ' T
MATERIAL 3

DENS PROPERTY TABLE (LINEAR INTFRPULATION)
TFEP TEMP

EnNS
TT0L0 L0000 T T 2R06.0 ““I;ﬁﬂOO'
MAXIMUM MATERLIAL NUMHERS= 3
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krexxx MASTER DEGREFS OF FRFFNUM  xxxax

NODE DEGREES OF FREEDOM LIST
NUMBER OF SPECIFIED MASTER D.0.F.= 0
OTAC NUMHER OF MASTER D.OCF. S 0
TNTEGFR STokAGE REGUIREMENTS FOR MATERIALS. ETG. TNPUT cP= 16.940 TIME= 10.1082¢
MEMORY I= MEMORY Il= 0 JOTAL= 97 ,g&mu&z,HVAILABLE_<m3agQgg
#xx LOAD STEP 1 OFTIONS SPECIFICATION
NTTTER= -10  NPRINT= 10 NPOSTs 10
AlL PRINT CONTROLS RESET TO 10

AlL PQOST DATA FILE CCNTROLS RESET TQ 10
ACEL= 01000005+00 0.00000E+00 0.00GNOE+0O
OMEGA= 0.00000E+00 0.00000€E+00 0.00000F+00
DOMEGA= 0.0000UFE+00 0.00000E+00 0.00000F+00
LRLOEC= 0.00U00E+00 0.00000E+00 _0.00000E+00
CGROMEGA= 0.00000E+U0 0.00000E+Q0 0.00CO0OF+0D
_DOMEGA= 0.00000E+00 _0.00000E+00 0.00000F+00

KTEMP= 0 0 )

Al L _TEMPERATURES SET TU TUNIF= 0.000 , o R

STEADY STATE CONVERGENCE CRITERIONZ, 1.0000

TRANSIENT UPTIMIZATICH LHITENIA- 5.0000

TEFMPERATUKRE LIIvIT= 0.00000E+0Q o . e
“REY TO-TERMTRATE RUN TP N0t ONVERGENCEE B P

1 0ADS STEPEFD TO FINAL VALUES FGR ALL ITFRATTUNS (KRCz= 1)

RFACTION FORCE KEYs 1~ —— === =
UNTFURM TENPERATURES 0.000 (TREF= 0l a0
ROUNDARY CONDITION PRINTKEY=s ~ g ~— 7~
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1 0AD STEP NUMBER = i

#xx LOAD OPTIONS SUMMARY

TTME= 0.00000E+00 _NITTER= -10 ~
ACEL = 0.00000£+00° 0.00000E+00 0.00000F+00
OMEGA = 0.00000E+00 0.00000E+00 Q.00000F+00
_NDOMEGA= 0.00000E+00 0.00000F+00_0.00000F+00 o o e
CELOC E0-N000TE+00 0. 00000E+30 0-00000E+00
CGOMEG= 0.00000E+00 6.00000E+Q0 0.00000F+00
DEGOME= 0.00000E+00 0.00000E+00 0.00000F+00
_TFMPERATURE (KTEMP) LOAD STEP= 0_ ITERATIONS 0 o
STIFFNESS REUSE KEY (KuSEI= 0
UNTFORM TEMPERATURES  0.000 (TRFFz  0.000)
TPRINT ELEMENY FORCES AND REACTION FORCES (RRF=1Y 7777 TrmmmTmm e -
1 NADS STEPPED TO FINAL VALUES FOR ALL TTFRAaTIONS (KBCz 1)
STEADY STATE CONVERG. CRIT.Z _ 1.0000 : e
TRANSTENT UPT. CRLITERIAZ  §.A000
TFMPERATURE LIMITZ 0.00000€+00
KFY TO TERMINATE RUN IF NO CCNVFRGENCE= 0.
MODE = o ISYM= 1 N _ e o
NPRINT= NPCST= 10  REACTION PRINT FREQ= 10
NISP. POST DATA FREU= 10 REACT. PUST NATA FRER= 10
NDISPLACEMENT PRIGT FREJLENCTES 77— = N
FRED NSTRT WSICF  WIKE
10 1 32000 I
“FLEMENT PRINT AND PGST DETA FREQUENCIFS ~~ 7 =~ - -
TYPE STIFF SIRE3S FORCE  STRFSS  nNATA FORCF
NG.  PRINT FRIRNT DATA LEVFL  0ATA
1 5§ FU R D T 10
} . Kaxxx SPECIFIEL TEMPERATURWES #xxxx
NCPE TEMP
8s 400.000
86 TGOgLage T e e :
a7 400.000
aa ane-000
Rqg 490.9000
g QPO QT e e - -- -
91 400.000
xxxxx SPECIFIED HEAT FLOW RATES sxtxw
__NOL _ NODE__ D. GF_FR. VALUF. o L B
1 1 HEAT 0.970880E=02
? 7 HEAT 0.970880E=07
3 2 HEAT 0-194175E=01
4 3 REAT D.1SaV7TSE-GY — T h T T -
5 4 HEAT 0-194175E~01
6 5 PEAT 0-194175E=01
1 é HEAT 0.194175E=-01

_xxxxx LOAD SUMMARY = 7 TEMPERATURES .7 HFAT FLGWS 0 COnVECT
TRTEGFR STORAGE REGLIREMENTS FOR 1 0AD DATa TiPUT cP=
MFMORY I= ~ "216 ~MENGRY TI=""""""""0 ~TOTal= P16 MEMORY AVATUARLE=
RANGE OF ELEMENT MAXIMUM CONDUCTIVITY TN GI URBAL COORNTNATES
MAXIMUME Q.125014€-01 AT ELEMENT 72
TUNMTRTMUME 0.1G3A90E-04 AT ELEMENT A
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INTFGFR BTURANBE RtGLIRENtll& (b= PRS0 TIRFE 1t .tle.
MEVMORY Iz fl4 rMCRY Ilz 0 TOTAI = Pty MEMURY AVALLARLES 240000
kwwe FLEMENT bTIFFhEES FORMLLATIONR TIMFS
TYPF NUMBER STIF TGOTAL CP AVE CF
g gh LSRG T T
TIME AT END OF ELEMERT STIFFNESS FORMULATTOW CP = Ph.BUC
f MAXIMUM IiN=-CORE WAVE FRONT ALLOWFD FDR RFGUFSTFD MFMORY SIZF= 540
' TKTEGER STURAGE REQLIREMENTS FOR WAVE FRONT MATRIX SOLUTION cP= P9.730 TIME= 10.118%F
TMFMORY "Iz 2147 MEMORY TITS 1217 T0TAL S 335  MEMORY AVAILABLE= 340000
Jggmgm_.m;gggsww\nve FRONT _(EGUATIONS) USEP= 9 ] ) ) o
xxx MATRIX SOLUTICN TIMES '
READ TN ELEMENT STIFFNESSES Pz 1.430
___NODAL COORD. TRAWSFORMATION  CP= 020 O -
MATRIX TRIANGULARIZATION tP= 0.R80
TIME AT END OF MATRIX TRIANGULARIZATION CP= 249,750
TTINTEGFR TSTUORAGE KREGUIREVMELTS FUR RACK SUBSTITUTION Ch= 30,1480  TIME= 1C¢.11et™
MFMURY Tz 214 MEMORY 1= 180 TOTaAl = 400 MEMORY AVATLARLE=E 3400600
xxx ELEm. HT. FLUw CALC. TINMES e
TTTYPET NUMBER S STIF TUTOTAL CP7 TAVE CF
1 72 35 2.390 0.033
TR R x N(’DAL HT. FLOW CALT.TY T - .
TYPF WUMBER STIF TCTAL CF AVF CP
X 7P 85 0.200 6,004 S
¢ #wxx LOAD STEP 1 ITER 1 COMPLETFED. TIMEZ 0.000000E+00 KUSE= 0 CUM. ITER.= 1
; TNTEGFR STORACE REGLIREMENTS FOR HEAT FLOW® CAIFULATIONb CP= 23,890 TIMF=2 10.11877
~“NMFMORY VEVORY TIz IndT TOTAl = 7R  MEMORY AVAILAhLE— 3400006
I wax STURAGE KEQUIRENENT SUMMARY
TOMAXINVUM CENTRAL MEMORY USED = 1op1— — "7 "7
| waXIMUM AUXIL1ARY MEMCRY USED= 546
{ MAXIMUM TOTAL MEMORY USED = 1183
[ MAXIMUM AUXILIARY AVAILABLE = 339784
*%x% PROBLEM STATISTICS
NO. OF ACTIvE UDEGREFES OF FREENCM s #4d o ) B ]
f“”R:M}ST“WAVEFRUNT’SIZE ] T8 T o ” 7 T
L _wxx ANSYS RINARY FILE STATISTICS ) e
RUFFFRSTZF USED= 2040 e e R o
POST DATA WRITTEN ON FILE1R
RFSTART DATA WRITTEN GN FILE 3 ( 14726 WORDS)
TFMPFRATURES WRITTER Ch FILE 4 - e
xx*x LOAD STEP 1 ITER 2 COMPLETED. TTME= 000000E+00 KUSE= 0 CUM, ITER.- 2
¢, STEADY STATE CONVERGENCE VALUE = 27.4601 AT NODF CRITERION = 1.0000
~ %% TOBD STEP 1l'|:ww 3 tUMPL!—TPU'. TITUMEE ‘n“ﬁDOOOOF?OG‘"K’UbE: 0 CTUONM, TITER.E 3
STEADY STATE CUNVERGENCE VALUE = 0.5384 AT NOGDF /e CRITERION = 1.0006
xxx SOLUTION CONMVERGED = LOAD STEP 1  CONVFKGED AFTFR ITERATION 3 (M, 3
TTUNFXTTITERATION (T STITFRETTON 7 10) SATISFIES PRINTOUT DR PUST D REDDEST‘”“‘
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Tk H PRI oI S SN S O SRS S R D 1 B O e Voasadie o ot

!
Lo = 1096600
2]

FROPERTY TAWLE,DENE MATS 1 NLUM. PUTNTSz 2
TFMPrhA;URE DATA TFMPFRATUKF DaTA
ﬂ 000006G0E+00 1.000000 P300.000 1.000000
TMATERIAL 2 TTTTTTTTCOEFFIFIEXTS OF DFNS VST TEWP FRUATIO
CO = 1.000000
_PROPFRTY TABLE,DENS MAT= 2 NUM. POINTSz 2
T TEMPFRATURE TATA TEMPF®ATURF DATA
0.0000000E+00 1.000000 2300.000 1.000000
 MATERIAL 3 COEFVICIFNTS OF DFNS VS. TEMP FAIUATION
_MATERIAL 3 0T _OF _DFNS VS. TEMP
FROPERTY TABLE.DENS W“AT=_ 3 NuUM. POINTS=z 2
o, TEMPERATURE DATA TEMPFRATURE _  DATA
06-.0000000E+00 " T.000000 2300000 1.onn000
ATERIAL 1 COEFFICIFNTS OF NUXY VS. TEMP FRUATION
WC) 0.23200000 S e
PROPERTY TABLE.NUXY NAT— 1 NUM. PUTINTSz 2
TEMPERATURE TEMPFRATURFE DATA
. 0. 0000000E+00_0 LEI'LO(LOQJL______._EJOO noo_ .. 0.2300000
MATERTAL 2 CGEFFICIENTS OF NUXY vS. TEMP FRUATIUM
£O = 0.2300000
TPROPERTY’ TABLE.NUXY_'NATi—'ﬁf_ NUMT POTNTS= 2 T
, TEMPERATURE ATA TEMPF kA TURE NATA
0.0000000E+00 o.esooooo 2300.000 n.2300000
M“WATFxTAL’"~3“““-WM—MCU'FFTC1EhTa OFTWUXY VS TEWMP FRUATION
€0 = 0.3550000
__PROPFRTY TAALE,NUXY W~AT= 3 KumM. PUTNTS= 2
 TEMPERATURE "~ DATA™ — TEMPFRATURE™ DETA
0.0000000E+00 0.3550000 2300.000 N.3580000
NNDE 1 KCS= 0 X,Y,2=  1.2945  0.90000E=02 0.00000E+06
NODF 7 KCSs 0 X.Y.2= 1.7945 0L 0N0N0E+00 0L 00000F+00
FTLL 8§ PUINTS BETaEEN NODE 1 AlD NODF 7
~ START wITH NODE™ "~ 2 AND INCREMENT BY — 1 = -
GFNERATE .4 TOTAL SETS OF NOUES WITH INFRFMPVT 7
SET 18 FkOM 1 76 7 IN STEPS OF .
‘GEOMFTRY TNCREMENTS ARE 0. 1333IF=07 0. onnn0F+00’n.nnnnnE+00
GFENFRATE 4 TOTAL 3ETS OF NGCDES wTTH rNrRFMFw1 7

SET 18 FROM 22 1C 28 TN STEPS {F .
" GEOMETRY INCREMENTS &RE 0.S0000F=03 0. 00000F+00 0.00000E+00

NODE 50 KCS= 0 X,Y,2= 1.3039 N.90000F=02 0-00000E+00
TUNODETTT 56 TTRCSETTRYYSZE TI3U3S 0L 00000E+00 6.00000E+00
FILL _ & POINTS BEThEEA NUDE 50 AND NODE  SA
START WITH NODE ND INCREMENT BY 1 e
NODE 87 KCS= 0 X.Y,2= 1.3086 0.90000E=02 0. 00000E+00
NODE 63 KCS= 0  X,Y,2=  1.3086 . 0.00000E+00 0-.00000E+00

FTLL 5 POINTS BETWEEN NQODE 57 AND NODF 63
START WITH NODE S8 AND INCREMENT BY 1

TNNDETTTRE RTSEUTXLT Y ZE T TI3TA0 G- GUNODE=02T0-00000E400"

NODE 70 KCS= 0 X.Y.Z= 1.3140 N.00000E+00 0.00000E+00

TR POINTS BETWEEN NUODE ™ B4 AND NODF VAL
START WITH NODE 65 AND INCREMENT BY 1

NODE 71 KCS= 0 X.Y.2% 1.3202 0.90000E=02 0.00000E400

NADE 77 KES= 0 X.Y,Z= 1.3202 0.00000E+00 0.00000E+00
FILL 5 POINTS BETWEEN NODE 71 AND NODE _ 77

START WITH NUDE Te ANUTINCREMENT 'BY T
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e Y W ENG L NE B R G ANAEFS TS S TEM ~RFVISION 8.0 €2 -~ —SCLAR—FURBIMES ~—aUuG -
SWANSON ANALYSIS SYSTEMS. INC. RUUSTON, PENNSTLVARIA 15342  PHONE (412)746-33
TITLE 10.1389
xxxnx ANSYS ANALYSIS DEFINITION (PREP7) #xuwxw
NEW TITCES THRUST CFANBER WODEL B
PRINTOUT RESUMED BY /GUP S
ANALYSIS TYPE= 4@ '
TEMPERATURE OFFSET _FROM ABSOLUTE ZERO=  0.000 o
REFERENCE TEMPERATURE= 70.000 (TUNIF= 70.000)
EL EMENT TYPE 1 USES_STIF42 — . : -
PFT{1=97= 0 0 i 2 1] 0 1] 0 0 TINOTFRS 0 NUMBER OF NOCESE )
TSOPAR. STRESS SGLID. 2-0
TEURRENT NOOAU GUF "SETIS UK gy — . T -
TWO-DIMENSIONAL STRUCTURE _
VATERTAL 1 CUOEFFICIENTS UF EX VST reEmP BEduATION ™ e e
CO = 6600000, €1 = =2000.000 €2z 0.0000000E+00
€3 = 0.0000000E+00 C4 = 0:0005000E+00
“PROPERTY TABLELEX WATS 1T NUM_ POTINTSE "2~~~ o - I
TEMPERA TURE DATA - TEMPFRATURE DaTA
0.0000000E+00 £600000. 2300.000 2000000.
TMATERTAL 2 77T TTCOEFFICIENTS OFTEX V3. TEnP EdliaTioN
co = 0.182500vE+08 cL = 1200.000 Ce = N 0000000+00
3 = 0.00000U0E+00 C4 = (G.00GO000FE+0G
TPROPERTY TABLEL,EX ~—FAT="" 2 "NUM_ POTNTSE 2 ~ =~~~ = T oTooT T e
TEMPERATUKE DATA TEMPERATUKE DATA
0.00000006+00 0U.182S000E+08 2300.000 0.2101000E+08
MATERIAL 3 “-CGEFFICIENTS OF EX  VS. TEwP EGLATIGOM
CG = 0.170C000E+0s
PRUPERTY TABLE JEx vAT= NUM, POINTSS 2
- ~ TEMPERATURE “GATA™ " "TEMPERATURE -~ ~  DATA
LO0000G00E+00 0.17000060E+08 2300.00G0 G, 17006G00E+08
MATERTAL 1 COEFFICIENTS OF ALPX V$. TEMP EQUATION
L0 = 0.3570000E-0% CL = 0.1200000F=08 C2 = 0.00000G0E+00
€3 = 0.0000000E+00 C4 = 0-0000000E+00
PRUPERTY TABLE,ALPX MAT=  t{ NuM. POINTS=
S TS TEMBERATURE T OATAT T TTEMPERA TURE DATA -
0.0000600E+y0 0.397000GE=05 23060.0G0 G.6730000E=05
MATERIAL 2 CUEFFICIENTS OF aLPX VS. TENP EQUATIUN
€0 = 0.7529000E=0S “CI = ~ 0.4383000E=6G8 €2 = 0.10070G0E=10
C3 = =Q0.7202000E=14 cd = 0.1786000F=17
PROPERTY TABLE,ALPX NMAT= 2 NUM. POINTSE 24
—— = TEMPERA TURE DATK TEMPERATURE ~ “"DATA e
0.0000000E+00 0.7529000E=0S5 100.0000 0.3000977E=05
200.0000 0.8753642E=09 "300.0000 0.9570213E-09
400.00600 0.1047819€E=Q4 S00.0000 0. 11449%3RE~-0Y
B0 0 S0 000 T T AS9RIFS 0L T OULTA00 T 0 1 IURGGIE 0L T T e e
800.0000 0.1452432E-0d  900_.p000 0.15395193E=04d
1000.0C0 0.1656600E=04 1100,000 0.1/5A60PE=04
12700.000 0.1854779€=04d 1300,.000 0.195°2340E=04d
T4 QQ L0007 TN LZOS T2 1ESOATTUSO0L,000 T T ,P149588E-04 - - o
1600.000 30.2252634E=04 1700000 0.,23A1R82E=04
1800.000 0.247918%E=04 1900.000 0.2A08621E=04
2000.000 0.2753500E-04 2100.000 0.P917R88E=(d
= 2000.000 0 T 0.310AIAIES04 TAE0GL0G0 - 0.3323307E=04 -
MATERIAL 3 COEFFICIENTS OF aLPX VS. TEMP FRUATICM
CO = 0.9800000E=0S T
PROPFRTY TAARLE.ALPX MAT= 3 NUM. POTNTS= 2
, TEMPERATUKRE DATA TFAPFRATIIRF DATA
~ 0.000ND00E+00 0.5800000F=05 2300000 0.9800000E=05
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NODE 78 KCS= 0 X,Y,Z3 1.3272 0.90000F=02 0.00000E+00

NODE A4 KCS= 0 X,Y,Z= 1.3272 0-00000E+00 0.00000E+00

TP P o O S B -

NODE 85 KCS= 0 X.Y,Z= 1.3350 o;qnnons-na 0.00000E+00

NODE__ 91 KCS= 0 X.Y,2=  1.3350 0.00000E+00_0200000E+00

FTLL S POINTS BETWEEN NODE 85 AND NODF 91
START WITH NODE 86 AND INCRFMENT BY 1

TMATERTAL NUMBER™SET _TU 1

FILLEMENT 1 2 9 8 1
GENERATE 6 _TOTAL QETS OF ELEMENTS WITH NONE_TNCRFMFNT OF 1
SET TS 1 T0 T IN STEPS OF .
NIIMBER OF ELEMENTS:z 6
EENFRATF __;mTOIAL_gi%”WOF ELEMENTS WITH NODF TINCRFMFNT OF. -7
1 10 6 IN STEPS OF 1
NUMBER OF ELEMENTS= 18
MATERTAL_ NUMBER SET TQ 2 . et . I
TFIEMENT 16 23 30 29 = a7
GFNERATE 6 TOTAL SETS OF ELEMENTS WITH NODE TNCREMENT OF 1
__SET IS 19 TG 19 IN STEPS QF 1 et e e e
TNUIMBER OF ELEMENTS= 24 -
RFNERATF 3 TOTAL SETS OF ELEMENTS WITH NODF INCRFMFNT OF 7
. SET IS 19 TQ 24 IN STEPS OF_1 T
NUMBRER OF ELEMENTSz 36
MATERIAL NUMHBER SET TG 3
FULEMENT 37 44 9t _ S0 43
GFNERATE 6 TOTAL SETS OF ELENENTS WITH NODF TNCRFMFNT OF 1
SET IS %7 TQO 37 IN STEPS OF 1
NHMBER OF ELEMENTS=z 42 )
GFNERATF 6 TOTAL SETS GF EL&NFNTS NITH NOGF TRECRFMFNT OF 7
SET TS 37 TG 42 IN STEP3 OF
_NHMHFR OF ELEMENTS= 72 .
NTTTER= «10 NPRINT= 10 NPQST= 10
ROUNDARY CONDITIONS STEPPEU DUF TO NEGATTVF NITTER
AL PRINT CONTROUS ™ RESET TG ~~ "{p == == == =or e
Al L. PUST DATA FILE CCNTROLS RESET TO 10
KTEMPs —— " - e e e e
TFMPERATURES FRGCM LUAC STEP= 1 ITFRATTON= 10

TSTEP BGUNDARY CONDITICN KrY="v o o mm mre o
RFACTION FORCE KEY=z 1

TSPECIFIFOD OISP UY — FROM NUDE ™ 7 TUO NONF T QU TN STFPS OF "7 =~ ™7
VALUES= 0.00000E+00 0.00000E+00 ADDITIUNAL DOFS3=

SFT MAXIMUM COUPLED INQDE SET SIZE T} 20

GFNERATE AODITIONAL ANCRES ON SETs 1 NTRECTTON= UY

STARTING NQNE= 1 ENDING NODF= A5 NODF INC-=
TCAUPLED "SETET T TDIRECTIONT UY UTOTAL NODES= T 1% o T
NODES= , ; 13 29 a3 S0 57 o
1 B .

TMAXTIMUMTCOUPLED "SET NUMBER=""—"1T — oo T

NDATA CHFCKED =~ NGO FATAL ERRORS FOUND
_CHECK QUTPUT FGR PCSSIBLE WARNING MESSAGFS

ANALYSIS DATA wRITTEN On FILE27 (246 LINES)

AlL CURRENT PREP7 UAT \R[TTFA TG FILF1a
T FOR PCSSISLE RESUNE FRUMTTHIS FOTNT
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s ARSI o PAGINEEFING ARALYSTS SYSifr RFyISTON .6 Eo SCL AR Turemlilkd AUL 1,198
SHANSOl ANALYSIS SYSTEMS,: In(. AUUSTOMH. PFNUSYLVARIA 1534p PHUNE (412)7d6=3304  [aX S10=0Y0=0
IRUUST CHAMEEK MUDEL 10.148¢ 5/ &/84 CPx
TTTTTTTTTT T ksxkx NATERTAD PROPERTTIFS Samxx
’fERIAL 1 ’
X PROPERTY TABLE (LINFAR INTERPOLATION)
‘MP EX TEMP EX TFMP EX TEMP EX TEMP E X
g“hin‘”hi%é000E$U7‘””?30UTU‘“UTSGUWUF¥07”“"”““"'w’ T T I -
TERTAL 2
X PROPERTY TABLE (LINEAR INTFRPOLATTON)
‘MP EX TEWP EX TFiMpP EX [EMP £X TEMP EX
TTOL0 T T 0.18250E+08 2300.07 0.71010F+08 ' T T -
‘TERIAL 3
X PROPFRTY TABLE (LINEAR INTFRPOLATTON)
‘MP EX TEMP FX TFMP EX TEMP FX TENP EX
AU 0.1 T7000E+ 08 2300.0 0. 177000F+08 o o T o
TERIAL i
LPX PROPERTY TaBLE (LINEAR INRTERPULATTON)
‘MP ALPX TEME ALPX TFMP ALPY TEMF ALPX Tewp ALPX
L0 0.297DOESOS T ERG0TT TR IZ00F =05 o .
TERIAL 2
LPX PROFFNTY TAFLE (LIKrAH IhTFPPDLA1TﬂN)
MP ALPX TENP ALPX TFr ALP X TEM ALPX TEMP ALFX
"'0;0” 0.75290E=0S " " 100.0 0.80610F=09 " 200.0 0187536F-05 300;0 0.9570PE-058 400.0  0.10478E=-
500.0 0.11449E-04 600.0 0.17460F=-04 700.0 0,.13490E=04 B00.0  0.14524F=04 900.6 0.159%2k~
000.0 0.1c566E=04 1100.0 0.179ndF=04 1200.0 0,.18548E~-04 1300.0 N.195P3E~=04 1460.0 0.20%01E~
500.0 0.721496E=04 1600.0 0.2P75PhFE-04 1700.0 0,.23%016E~04 1800,.0 O0.PUT92F =04 1500.0 0.26080Ek=
O0.0° 0.27535E-04 " 2100.07 " 0.29179F=04" P200.0 N.31062E~04 P300.0 0.33233FE-04
JTERTAL 3
.LPX PROPERTY TABLE (LINEAR INTERPOLATTION)
PX TEMP ALPX TFMP ALFX TEMP ALPX TEVMP ALPX
"‘“‘T)".'TT" V.98 000E<DY — 2300.0 O 9ANDOF=-08— 7T T - B T -
W TERT AL 1
DENS PROPERTY TABLE (LINEAR INTERPOLATTON)
yP DENS TEMP DENS MP DENS TEMF DENS TENVP DENS
& ’
oo 10000 230000 000w
;TERIAL e
»ENS PROPERTY TABLE fLINEAR INTERPOLATION\
MP DENS TEMP MP DENS TEMF DENS TEMP DENS
/n.u 120000 2300.70 T nonn :
TERIAL 3
IENS PROPERTY TABLE (LINEAR INTERPOLATIONY
‘MP DENS TEMP DENS . FMP DENS TEMFP DENS TEMP DENS

. L
[ Y] T.0UU0 c¢AVU T T.00400
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MATERIAL f H

NUXY PROPERTY TABLE (LINEAR INTERPULATION)
TEMP NUXY TEMP NixY

MP

NUXY

TEMP

NUXY

TEMP

0.0 3.23000
MATERTAL 2

.2%00.0

0.23000

TTTTTOL Y

TQSXY PRUPFRTY TABLE (LINEAR INTFPPOLATION]

NUXY

TEMP

NUXY

TEMP

NUXY

TEWP

0723000
MATERIAL 3

2300.0

0.23000

NUXY PRQOPERTY TABLE (LINEAR INTERPOLATTON)
NUXY TEMP NUXY

TEMP

TFMP

TTTOU0 7039500

2300.0

MAXIMUM MATERIAL NUMBER=

3

035500

TNIUMBER OF CUUPLED SETS="

NUMBEK OF

_kwx LOAD STEP 1
NPRINT=
ML PRINT CONTROLS KESET

_NOMEGA= {

xxxkx COUFLED DEG.
NUMBER

SET __0.0.F.
1 uY

TN T T aw ks VASTER DEGREES OF FREFDOMT T
DEGREES CF FREEDOM

NODF

in g

3PE
TOTAL NHUABER
TAOR

TNTEGFR S
VEMORY I=

NTTTEKS wi

1

3

OF FR.

NFFINTTTONS ##%wwx

COUPLFD NMOLES .

-

IED MASTER D.O.
MaSTER D.UWF.

iF

F

GE RECLIREMENTS FOR NATERTALQ.
17 MEMORY II=

CPTIGNS, _SPECIFICATIONS

10

]

P IS8T

NPOSTS
10

ALl POST DATA FILE CCNTROLS RESET TO

78

0
0

TOTAL =

10

i0

_ACELZ 0.00000F+00 0.00000E+00 _0.00000E+00

OMEGA= 0.00000E+y0 0.00000E+00 0.000C0F+00

~N0000E+00 0.00000E+00 0.00000F+00

L
8

FTC.

CGLOC= 0.000J0F+00 0.00000E+00

0.00000F

+00

NDOMEGA= 0.00000E+QQ

_KIEMP= 10

0.00000E+00 0.00000F+00

TFMPERATURES FROM LOAD STEP=

PLASTICTITY CCNVERGENCE CRITEKIU
TCREEP OPTIMTZATION CRTTERTA= "7

| ARGE DFFL.
NTSPLACEMENTY LIMIT=

_KFY TO TERMINATE RUN

CUNVERGENC

RFACTICON FORCE KEY=

1 ITFRATTUN-

CROMEGA= 0.00000E+00 0.00000E+00 0.00000F+00

R 0-o0100
e 0 K N T S
£ CRITERIA= 0.001000
0.00000E+00
iF NU CUNVERGENCE= 0.
1
70.000  (TREF=  70-000)

CIINIFORM TEMPERATURE= ]
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AR KK

TNRPUT
2172

i0

M

NUXY

CP=
EMORY AVATILARIE=

1

7.
34

8
0

7
1]

0
0

0.

NUXY T

EMP

50

TIiMF=

37

N.14635




AN S5 £ NG NEEREN G*ﬁﬂﬁt*&f?"ﬁ*ﬁTPM‘mRFvI%TnN 4. 0-E2 ——SCLAR “TURBTINES ~—AUG -1yt FB——-
SWANSON ANALYSIS SYSTEMS, INC. HOUSTON. PFNNSYLVANIA 15342  PHONE (412)746- 530u TWX &
THRUST CHAMBER MODEL : 10.1499 S/ 8/8¢
L0AD STEP NUMRER = 8
wxx LOAD OPTIONS SUMMARY
TIME= 0.00000E+00 NITTER= -10 -
ACEL = 0.00000E+00 0.00000E+00 Q.00G000F+00
OMEGA = 0.00000E+00 O0.00000E+00 Q0. 00000F+00
NOMEGA= 0-00000E+00 0-.00000E+00 0.00600F+00 o L -
TCELOC E 0. 0000 0EF00 0. 00000E+00 0.00000F+00
CROMEG= 0-00000E+00 0.00000E+00 0-00000E+00
ncsons: 0.00000E+00 0-000C0E+00 0.60000F+00
RATURE (KTEMP) LOAD STEP= 1 ITERATIONT _ 10 - —
‘"ﬁrrFFﬂess REUSE KEY (KUSEJ= 0
IINTFORM TEMPERATURES  70.000 (TREF=  70.000)

TPRINT FLEMENT FORCES AND REATTION FORCFS tkRFztY — 777 7 7777 T T oo T

t 0ADS STEPPED TO FINAL VALUES FOR ALL TTFRATIONS (KRC= 1)
_PLASTIC CONVERG. CRITERION= 0.0100 e e e e e e ot o e e e
FREEP GPTIMUM. CRITERICNE 1600
| ARGE DEFL. CUNVERG. CRITERIGN= f.a01000
NTSPLACEMENT LIMIT= 0.00000E+0C
KFY TO TERMINATE RUN_IF NQ CUNVFRGFENCE= HUN S
TMoDE= 0 TISYME 1 o
NPRINT= NPQST= 10 REACTTION PRINT FREQ= 10
DISE. PGST DATA FREGZ ___ 10 REACT. POST DATa FREdz 10 }
NISPLACEMENT PRINT FREUUENCIFS
FREGQ NSTRT WNSTGE NINC
USSR SR S 7-2 Y2 R S
FLEMENT PRINT AND PCST DATA FREQUFNCIFS
TYPE STIFF STRESS FORCE STRFS8O» NATA  FORCF
NO . PRINT PRINT NDATA LEVFL -DATA
1 d2 e e 10 7 3 1y
oo T ekxxx SPECIFIED 'DTSPLACEMENTS wwxwx
NODF ux _ oy
- g i e e GO0 0 I . . o I
14 0.0GUGUOF«00 .
21 0.000000F+00
Pada) 0.0000G00E+00 ~
I £ T 0.0000COE+00 ™~ N
uz 0.000000E+00
4¢c 0.000000E+00
Sk 0.000000F+00 ) _
X —r T YL OC00TOERO0 T
70 0.000000FE+00
17 0.000000E+00
84 0.000000FE+00
T T e SER OGO GE O (7 = e o e e o e e e e e
TFVMPERATURE DATA READ FROM LOAD STFP= 1 ITFR= {10 CUM. ITER= 4 ON FTLE 4
wxkxx | JAD SUMMARY = 13 GISPLACEMENTS 0 FORCFS 0 PRESSURFS * Kk Kk
INTEGFR STORAGE REGUIREMENTS FOR LOUAD DATA INPUT CP=z °3.430 TIMEZ 10.15P79
CMFMORY I=  t31e  MEMORY I1= 0 TOTals 1316 MEMORY AVATILABLE= 340000

v __ xxxxx CENTROID, MASS, AND MASS MUMFNTS OF TNFRTIA nskxx
FALCULATIONS ASSUME ELEMENT MASS AT ELFMFNT CENTROTH
TGTAL MASS = 0.50111E=02
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NASS ARE

MUMER )

1
0
3
.13
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O

*wc X
i ﬂIU‘

VALLLE
THE BFLOW TaBLE 1S BASEU

9E=-0
SEfﬁ

X S
N

arkE Fvabtualfrf

FOR &

FIRST MOMENT/MASS.
(CEMTROINY

0.

1.31
450 noe 07

wxx MASS SUMMARY BY ELEMENT TYPE xxx%

ol

DECEFFE MUDEL .
ON & wWEIGHTEDIMASS PROPURTTONAL

TO RAGTUS) AXTSYM

SQUAKE KOOT

tafF TRIC SFCTIUn.
OF

S5FCONG SECOND MOMENT/HASS
MOMFNT (kADIUS OF BYR.)

0.5P06F=02
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1.31%

—TYPF “MASS B - e
1 0.301107E=02
RANGF OF ELEMENT MAXIMUM STIFFENESS IN GLORAL COORDINATFS _ B
WAXINUME 0.568372E+06 AT ELEVERT 75
MINTMUMZ 0.133552E407 AT ELENENT 7
(ILTEGFR STORAGE KEGLIREMENTS FOR ELEMENT EORMINATION CPz 19,670 TIME= 10.15987
“MFMORY Iz 1314  MEMORY I7= 0T Y0TRl = 131 MEMORY AVAILABLE= 340000 ’
w«% ELEMENT STIFFNESS FORMULATION TIMFS
TYPE _NUMBER _STIF_ _TQTAL_CP AVE CP - - . L - I
1 77 a2 15,360 0.713
__IIMEMATWEFUWQEWEkEEE&1M§IL~ELE§§_FOR)UlATTuL CP = 39,690 .
MAXIMUM IN«CORE WAVE FRONT ALLOWED FOR RFBUFSTED MFMORY SIZEz 5§79
TTINTEGERT STURAGF RLCGUIREWMENWTS FUR WAVE FRUNT MATRIX SOLUT1O0N T CPz 7 4%L6ud40 TIMFz 10.16166
MFMORY Tz 314 NMEMGRY 11z 61 TOTAl = 1675 MEMORY AVATILABLF=z 340000
~WAXIMUM Ih=CORF WAVE FRONT TEGUATTENSY USFRz 17 -
#x«x MATRIX SOLUTION TIMES
READ liv ELEMENT S1IFFNESSES  CPz 3174
—NODAL CGORD. TRANSFGRMATION " CFZ G060
MATRIX TRIANGULARIZATICN CE= 2060
. _TTIME AT END UF MATKIX TRIANGULARIZATION ks 65660 N ,
TRTEGER STORAGE REGLIREMEWTS FOR HACK SUBSTITITIUN cp= 46,400 TIMFZ 10.1619%3
MEMORY 1= 1314 WMENORY 11z 276 TO1Al = 16A4  MEMDRY AVAILABLEZ 340000
— wx% FLEM. STRESS CALCT TIMES """~
TYPE wUMBER STIF TGTAL CP  AVF CP
172 a2 6.230  0.0A7 o
wxx NODAL FORCE CALC. TIMES
TYPE NUMBER STIF JTGTAL CP  AVE CP
Rt e - SRR Y- ek (W 74/ M | 1111 S -
xx% LOAD STEP 1 ITER 1 COMPLFTEDR. TTIMEZ 0.000000E+60 KUSE= 0 CuM. TTER.= 1
#¥ SOLUTTON TONVERGED = LORD-STEP™ "1~ CONVERGED AFTFP ITERATION — 1~ CUM. TTER. oy
NEXT T1ERAT 10N (IDENTIFIED AS ITFRATION 10) SATISFIES PRINTOUT OrR POST DATA REQUE&T
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. ARNSYY = FAGINEERINC-ARALYDIN JTHIEM KFVINTUM 4,0 F7 SCLAF JTURFFNED AU 1,1981
SeapttnClh AL YSIS S1STEMS, JHC. KOUSTUL . PERUSTLVARIA 15349 FAONE {412} 740=2504  Twa Slb-n‘ﬂ) toh4s
Tee 8T CHAMBER mMUbEL . 10,166k S/ &/84 Chk= nS5.7b0
wxaxx ELENMENT STREESES axxxx  TINE = 0 0000LUE+00 1uAalL SiEFs= 1 TTERATIONS 16 Cum. ITER.= 4

=g THODESS BT MATz * YOLE 0.PS90F=05 - o T =B "SCLID
L I0E 1.995 (. B2S0E=02 TEMP=3PP7.6, SX.SY.SXY.872 =24.701 ~45525, ~0.11062E=02 =45%564,

<€¥51.8162.3163= -24.701 LT L ~455ha ., §.1.z 45539, SIGE= 45520.

<1aTIC FORCES ON KCDE 2 =0.510869F =Gk =41.9627

STATIC FORCES Oiv nCDE GG LARSSRAF 01 =3k.6%21

272TIC FUNKCES OiW NGOE 8 G.Ud55559F =01 k. 6321

2TATIC FUREES ON nCUE 1 (1.190641{\F-1'< U1 .9627
=207 3 NGRESE U R TTYUTTU9T o vl maTs VBl = (.7590E=05 : o T =0 SOLID
2., Y0z 1.295 0.6750E=02 TFMP=z 5977 s SX.SY.S5xY.87= =24.700 «U55P5, 0.7°755E~03 =45564.

S151.5162,3163= «-24.700 4S5 LYY S.1.2 45539, SI1GE= 45520,

S72TIC FONCES ONh NGLE 3 0.743hR|F-Oh EXICT Y

TETLTIC FORGES Gu NCDE 10 T5.455544F =01 =3k _h321 -

2TiT1C FORXCES OW WhCOE §  0.458522F=01 Fh.h321

<TaTIC FORCES OGw MNGDE ? 0.S108h9F=0h 47 .9heT
=iz 2 NODES= TG 3 ) MAT= 1 VOlLE 0.2SS0F=05 2=D SCLID
¢ Y= 1,295 0.5250E=02 TEMP=3227.h SA,SY,5XY,S87= «24,701 -d5525, 0.39518E=03 =45564.

21561,8162,5163= .2U8.701 -d5528 ~USKA4L, S.1.= 45539, SI1GE= 45520,
_STATIC FORCES ON NCDE __‘0.21399%-11 -U1.,9627 . U - - — -
STATIC FORCES Ui ANGDE 11 LUSS584RF=01  =%h.6321

27710 FURCFS On KCLCE 10 0.uss5un;-n1 An.6%21

STATIC FURCES Uw NGDE 2 w0.743682F~Gh  41.9627
=T 67 KNODESE g 12 1T @, MAT= 1 VOl s 0,.2590E=05 - 2-D SOLIC
£m.YC=  1.295 0.3750E=02 TEMP23227.6. 5X,SY.S53Y,37= «24.701 48525, ~C.39518E=03 =45564. -
SIG1.516¢,31G3= 24,701 -d5575, =-488Hh4 . Sal.= a45539, SIGE= 45520.
_SIATIC FUKCES On NOCE T 5 w0.7U%6B1F=0R_  =dl.9nD7

sYaTI1C FORCES Ow 'NCCE 17770 d85840F =01 ~%n.b4l1

SIATIC FUKSES ON NCLE 11 0.4SR54kF =01 Th.6421

S7aTIC FORCES ON WCLE 4 =0.1aP331F=12 41.5a27
=¥z S WODESE T T T YT MATz 4 vl = ?5‘40?»&)5 ¢=D SCLID
oY= 1.29% LZ2S0E=02 TEMP=3P27.h, SX.SY.5XY.S§7= -?u «U5525, =0.7°755k=03 =a5564,

8151.5162,5163= «cd 700 ~U5835, ~USRAL . s. .z £435%G, S1GE= 45520.

<IATIC FORCES ON MCCE 6 .S510870F=0h  =41.9h27

TITATIC FORCES Ol WODET YR () ASR5PPF e =-3Ih.pr3P1

274116 FORCES ON nilk 12 0.455544F=n1 An.63821

STATIC FORCES O MNODE S5 0.743661F=0h  41.9627
=z k° NGDES=""" 77714 13 "% ° MATz 1t vOl.z 0.2550E=05 ’ =D SCL1ID
£5,YCzx  1.295 0.7500E=03 TEMPZI227.6, SX.SY.SXY, 873 =54.701 <U552Y, G.11062E=02 =45564.

2In1,.5162,.5163z 24,701 -u85285, =l5Ghd, S.1.= 45539, SIGE= 45520.

STATIC FORCES ON WOCE 7 L 3639UGF=1% =d1.96P7

STAaTIE FORCES ON NCOE ™ 1o — 0 LE5559F =0l =3h.65P1

®72T1C FURCFS UN RGDE 13 0.455526F=01 3531

STATIC FURCES ON NCDE [ -(i.S10h70F-()h 4l Yh2T
B =T UTTUNODESETUUUGITUTETT IR UV UUMATE o VOlz 0.2594E-05 0 T : - T g=D £CLID
2£,YC= 1,297 0.8250E«02 TEMP=2161.9, SX.S5Y.5XY.87= =6(3.463 -25583, 6.,47900E=03 «24586.

§151.58162,5163= “£3.463 =P958%. ~2958h, S.1.z - 29523, S1GE= 29521,

STATIC FORCES ON NUCE 9 =0, US55544F =01 =PH.5516 . . . i e
“RTATIC FORCES "GN NCDE ™~ T 0.7515T4F=01" =p? 6113 : e i

ST2TIC FUKCES Oiv NGDE 1S 0.751573F =i 22 6113

STATIC FORCES On WGDE 8 =0.455559F=01 PH.551k
EYe-—= g NODFS= 10 17 T T V0l = 0,.25G4E-05 U DT I (1 O £}
€. Y0z 1.297 0.6750E~02 TEMP=2161.9, SX.8Y. SXY,87= ~£3.461 =29563%. -0,13724E~02 =-29566.

$1G1.8S1G2.81G3= ~63_ 401 «P968%, =~295R6, S.1.2 29593, STGE= 29521.

STATIC FORCES ON NGLCE™ -~ 10 =0,455553F=01  =PR.5514 . _
“ETATIC FORCES ON NGDE —T7 0. 7S51SSTFa0T1T" 222, 61137 7 - - -

STATIC FORCES ON NGDE 16 0.751549F=01 22.611%

STATIC FORCES ON NODE G «0.4555GTF=01 PH.B81h
= §TNODESE Ty T8 L S AT="" vai= 0. asqup T T - DL VI3 1B )
Cc.¥0= 1.297 0.5250E-02 TEMP=2161.9, ax.sv sxv 87z «63.462 o?qsaz. -0.315905 03  =-29586.
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APPENDIX 3

PHOTOGRAPHS OF TEST SPECIMENS
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This appendix is supplied to document the coating test specimens used for
this program through photographs.

Figure 90 shows two flat and one ring specimen before testing.

Figure 91 shows two flat bend specimens after testing. The top specimen was
bent with the coating in tensions; the bottom specimen with the coating in
compression. The flake shown with the bottom specimen is a piece of coating
which spalled from the middle span.

Figures 92 and 93 show close-ups of two bend specimens after test. Figure 92
shows a coating failure due to compressive stress and Figure 93 shows a coat-
ing which has been subjected to substantial tensile bending stress.

Figure 94 shows four bend specimens after test, and Figure 95 shows a close-
up of one of these.

161



Figure 91.

Specimens Prior to Testing

Two Bend Specimens Ater Test
Upper: Coating in Tension
Lower: Coating in Compression
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Figure 92.

Compressive Coating Failure

Figure 93. Tensile Coating Cracks
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Figure 94. Specimens After Test

Figure 95, Bend Specimen After Test
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