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Abstract

An investigation was initiated to determine the cause of coating
spallation occurring on the Shuttle Orbiter’s wing leading edge panels in
the slip-side joggle region. The coating spallation events were observed,
post flight, on differing panels on different missions. As part of the
investigation, the high re-entry heating occurring on the joggles was
considered here as a possible cause. Thus, a thermostructural
evaluation was conducted to determine the detailed state-of-stress in the
joggle region during re-entry and the feasibility of a laboratory test on a
local joggle specimen to replicate this state-of-stress. A detailed three-
dimensional finite element model of a panel slip-side joggle region was
developed. Parametric and sensitivity studies revealed significant
stresses occur in the joggle during peak heating. A critical interlaminar
normal stress concentration was predicted in the substrate at the coating
interface and was confined to the curved joggle region. Specifically, the
high interlaminar normal stress is identified to be the cause for the
occurrence of failure in the form of local subsurface material separation
occurring in the slip-side joggle. The predicted critical stresses are
coincident with material separations that had been observed with
microscopy in joggle specimens obtained from flight panels.

Introduction

The reinforced carbon-carbon (RCC) leading edge panels, on the Shuttle Orbiter’s wing, are coated
with Silicon Carbide (SiC) to prevent oxidation at extreme temperatures associated with re-entry. An
illustration showing the shuttle leading edge panels along the span of the wing, with a close-up of an
individual panel and T-seal, is displayed in Fig. 1. The T-seals, located between the panels, are designed
to prevent flow ingress during re-entry while allowing free thermal expansion of the panels across the
span of the wing. The coating spallation events were observed post flight after two separate missions and
on two different panels but both had occurred locally on the slip-side joggle region of the panels. A
photograph showing a panel that experienced a spallation event is displayed in Fig. 2 along with a
schematic illustrating the general region where spallation had occurred. Since the risk of loss of coating
during re-entry could lead to a catastrophic burn through in the RCC substrate, the root cause
investigation was initiated.

As part of the investigation, nondestructive evaluation (NDE) techniques were employed to assess
panels post-flight and prior to future shuttle flights. The NDE effort revealed the existence of subsurface
material separations located in the slip-side joggle region in the vicinity of the SiC coating interface with
the RCC substrate on several panels (presented at the NASA STS-120 Flight Readiness Review in
October 2007). Post-flight NDE images revealed a large region of concern on a RCC Panel 8 and the
panel was removed for repair. During the refurbishment process, the coating in the joggle region was
removed with a dental pick indicating the presence of subsurface structural degradation (Fig. 3).

Some RCC panels with NDE indications were cut up for microscopic evaluation. A micrograph
showing the typical appearance of a subsurface material separation is displayed in Fig. 4. As illustrated,
the separation in the joggle is contained mostly in the RCC substrate material near the outer-mold-line



(OML) SiC coating interface. The maximum material separation lengths measured were all limited to
approximately 0.3-inches and were all confined to the curved portion of the joggle.
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Fig. 1 Hlustration of a bottom view of the Orbiter right wing with RCC leading edge panels identified by their
respective numbers and of an individual panel with T-seal.

Prior to this root cause investigation, coated RCC had been treated as a homogeneous material system
where smeared properties from testing coated RCC specimens were utilized for material properties in
global analysis models (Ref. 1). With this approach, local thermal stresses that develop in the SiC coating
and RCC substrate are not considered. A design drawing showing the actual plies in the joggle is
displayed in Fig. 5. The acreage panel region is fabricated with 19 plies; a pad-up to 22 plies exists in the
joggle region. The coating is formed by converting the outer surfaces of the carbon (0.02 to 0.04 inch) to
SiC by a diffusion reaction (Ref. 2). During cool down, craze cracks form through the thickness of the
coating due to thermal stresses (see Fig. 4). Coating acceptance criteria allows for surface craze cracks
that do not exceed a width of 0.001 inch.

The current effort focuses on the root cause for the initiation of the subsurface material separations.
The wing leading edge panels were designed to withstand both cyclic cold temperatures on-orbit and the
extreme high heating associated with hypersonic re-entry into the Earth’s atmosphere where temperatures
near 2900°F are experienced on some of the hottest panels (Panels 8-10). These thermal loading
conditions are considered here to determine their significance on the detailed thermostructural response of
the joggle region.
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Fig. 2 Photograph of Panel 8L which had experienced coating spallation and schematic illustrating region
where coating spallation events occurred.

In conjunction with this local joggle thermostructural analyses and evaluation effort, global shell
analyses were performed using NASTRAN (Ref. 3) at Boeing Huntington Beach (by Okimo, D. and
Ghahyasi, F. A., April 2008) to determine the global structural response of the panel when subject to the
critical thermal load conditions. The NASTRAN models were delivered to NASA and evaluated in this
effort. The global shell model was developed using smeared coated RCC properties, which computed
insignificant magnitudes of stress in the joggle region at the time of peak heating and at the time when the
peak spatial thermal gradients were predicted across the joggle span. Thus, the global panel contribution
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to the thermostructural loads in the local joggle region was negligible and could not contribute
significantly to failure initiation.

Fig. 3 Photograph of panel 8R showing slip-side joggle that had coating removed with dental pick during
repair process.

The goal of the thermostructural analysis and evaluation effort (Ref. 4) presented in this paper was to
determine if the thermal loading conditions experienced at the joggle during a Shuttle flight could initiate
damage in the form of a material separation. In pursuit of this goal, the specific objectives of the local
joggle thermostructural analysis included: developing a fundamental understanding of the significant
parameters affecting the joggle response during re-entry, developing local finite element joggle models
with sufficient detail to accurately predict local stress, determining the critical thermal loading conditions
in the joggle region, and determining the optimal test conditions for initiating failure in a local joggle
specimen. The local joggle test specimen would be cut from an existing wing leading edge panel to
thermal cycle in a test facility and replicate the critical thermostructural state-of-stress expected during a
mission cycle. Consequently parametric and sensitivity studies are performed to determine the specimen
size, the required thermal load, and if additional mechanical restraints or loads are required in the test.
Finally, failure theory is applied in evaluating the finite element analysis results, and the analysis
predictions are compared to concurrently obtained test results to make an assessment of root cause.
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Fig. 4 Typical microscopic image of material separation associated with an NDE indication.
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Fig. 5 Joggle design drawing showing pad-up from 19 to 22 plies in joggle.

Analytical Evaluation of Thermal Stress

A simplifying approximation of a plane stress model under uniform thermal load, as illustrated in Fig.



6, is utilized to develop a fundamental understanding on the significant parameters affecting thermal
stress in the coating and substrate material system. The following assumptions are incorporated:

1) Isotropic material properties

2) Plane stress o, = 0 (thin plate)

3) 6 = o = o, (uniform thermal load)
4) Negligible shear effects

with which the stress-strain relation for each material reduces to

Ei_ [e—a;AT]  i=12 L

where o is stress, € is strain, E is the modulus of elasticity, v is the Poisson ratio, o is the coefficient of
thermal expansion, and AT is the applied thermal load. The thermal load is the change in temperature

AT =T —Tref 2

where T is the operating temperature and Tref is the stress free temperature (SFT) of the material system.
When considering equilibrium of the material system, the sum of the in-plane forces reduces to

201t1 + Gztz =0 (3)

where t is the thickness of each material in the composite. Substituting Eq. (1) into Eq. (3) and solving
for the strain,
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which can be substituted into Eq. (1) to provide a closed-form solution for the stress in the coating or
substrate. Similar methodology has been followed in predicting stresses in coated metals (Ref. 5). Using
simplified isotropic properties for an applied operating temperature of 2900°F, which is near the peak
temperature observed on a RCC panel, the ratio of stress to the average ultimate strength, F, in the coating
is displayed graphically in Fig. 6 for two RCC thicknesses, while the coating thickness is constant. These
equations reveal the composite thickness as an important parameter affecting thermal stress and more
importantly the high sensitivity of stress to the SFT.
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Fig. 6 Closed-form solution for thermal stress in SiC coating under uniform thermal load of 2900°F.



Stress Free Temperature

Further understanding on what is the SFT of the material system is required to predict accurately
stresses in the material system when subject to thermal loading. Prior to this investigation there was no
documented data on the SFT of the SiC coated RCC material system. The SiC surfaces of the panels are
covered with craze cracks that occurred during panel fabrication. Hence, to get a first estimate on the
SFT, the assumption was made that stresses only incur in the coating when the craze cracks close. The
temperature when the cracks close is predicted assuming free thermal expansion of the coating from room
temperature as follows

e=0AT, where ¢ = % (5)

Using an average coating island length of L = 0.25-inch and crack closing width of & = 0.001-inch,
the temperature when cracks close is predicted to be about 1400°F. This approach neglects residual
stresses in SiC coating and RCC substrate that can accumulate between the actual SFT and the
temperature that cracks close and also the restraint the RCC substrate imposes on free thermal expansion
of the coating. This would not be a conservative approach if the actual SFT is less than the temperature
when cracks close.

To understand the significance of stress that can develop in the coating islands when subject to a
temperature change, a three-dimensional model of a coating island bonded to an RCC substrate was
created as shown in Fig. 7. The stresses that result when subject to a temperature change of AT = 300°F
are also displayed in Fig. 7. Clearly, although the normal stresses at the free-edges are zero in the coating
islands while the cracks remain opened, appreciable stresses can develop in the center of a coating island.
Thus, average residual stresses in coating islands that exist prior to cracks closing during re-heating may
be a significant contribution in predictions of stresses during peak heating.

The fabrication process is considered to formulate a more fundamental understanding of the SFT. A
conceptual model for the determination of the SFT is hypothesized as illustrated graphically in Fig. 8. In
the fabrication process, the RCC is heated to 3000°F where RCC is converted to SiC. Initially the stress
free temperature would be 3000°F. During cooling, thermal stress builds up in the materials with differing
material properties (Blue line). When the coating stresses reach the ultimate strength of the coating, craze
cracks form and some stress is relieved (Green lines). Some residual stress remains in the newly formed
coating islands between the craze cracks. As the material continues to cool, the process of cracking is
repeated. Finally, when the material system is re-heated during re-entry (Red line), the coating initially
has a residual tensile stress that goes to zero when the SFT is crossed and subsequently the coating goes
into compression before temperatures near 3000°F are reached. The only way to determine the SFT is to
measure the average residual strain in the coating islands at room temperature after the craze cracks have
formed, since we do not know at what temperatures the craze cracks form and the amount of stress
remaining in the coating islands when they form.

Testing was initiated at Southern Research Institute to experimentally measure the average residual
strains in the material system at room temperature and the temperature when cracks close. The
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preliminary experimental data yielded crack closure to occur at temperatures between 525 and 1250°F.

SiC coating island

RCC substrate

Fig. 7 Three-dimensional analysis model of SiC coating island bonded to RCC substrate along with normal in-
plane stress contours for AT = 300F.

The SFT was predicted to be approximately 1000°F from measuring residual strain using X-ray
diffraction on a flat specimen. Variations in SFT can be attributed to variability in craze crack spacing
and coating thickness. Additionally, the curvature in the joggle needs to be considered which could result
in the residual strain in the joggle differing from the residual strain measured in the flat test coupons.
Consequently, the high sensitivity of stress with variations in SFT (see Fig. 6) that can exist in the RCC
leading edge panels must be acknowledged in presenting structural response for the joggle configuration.
In general, there can be a large variability in the stress magnitudes experienced by joggles operating at the
same temperature due to variation in actual SFT, coating thickness, craze crack spacing, and other
possible influences.
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Fig. 8 Hypothesized illustration of SFT in coating.

Preliminary Plane Strain Analyses

A preliminary plane strain analysis model was developed here during the early stages of the
investigation to generate a quick look at stresses in the joggle region and determine if stresses during re-
entry are a concern for further investigation. Using simplified isotropic properties, a SFT of 700°F and
applied temperature of 2900°F, significant stresses were predicted in the joggle region at the coating
interface. A separation was introduced into the model at the interface between the coating and RCC
substrate to evaluate the effect on the thermostructural response during re-entry. The predicted
deformation and maximum principal stress, o, are displayed in Fig. 9. As depicted in Fig. 9, the outer
separated region bows away from the substrate and a tensile stress concentration is predicted at the crack
tip. This structural response has potential to lead to both plastic deformations and growth of the separated
region (Ref. 4). Since the plane strain model has an associated conservative assumption that the
separation exists infinitely in the panel chordwise direction, the predicted response could be unrealistic,
and thus the need for a detailed three-dimensional model was identified.
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Fig. 9 Plane strain finite element model including separation surface and associated deformation and thermal
stress response.

Three-Dimensional Models

The three-dimensional models of the joggle region originated from a solid geometry model of Panel
10 which was imported into PATRAN (Ref. 7). From the full-scale panel model, an 8-inch by 4-inch
region adjacent to the panel apex and slip-side panel rib was extracted as shown in Fig. 10, along with the
geometry detail through the panel thickness at an apex slice. The acreage area of the panel consists of a
thickness of 0.233 inches which is the typical thickness for 19-ply coated RCC. Very locally in the
curved region of the joggle the thickness increases to a maximum of 0.28 inches and then decreases back
to 0.233 inches aft of the curved region, which is representative of the increase to 22 plies in the joggle.
Based on averages from microscopy data, a uniform coating thickness of 0.04 inches is defined
throughout the joggle model. Thus only the RCC substrate thickness increases in the joggle region.
Although craze cracks are present in the coating at room temperature, these models assume that the cracks
are closed at the SFT allowing the coating to be modeled as continuous for the high temperatures
experienced during re-entry.

In addition to the 8-inch by 4-inch geometry, further cuts were made from the extracted local joggle
geometry to create the 4-inch by 4-inch model without the rib. These two geometries were chosen based
on the specimen size capability of the Multi-parameter Mission Simulation Facility (MMSF) at NASA
Langley which was being considered for the testing of joggle specimens by thermal cycling using re-entry
heating thermal profiles. Although the MMSF could accommodate as large as the 8-inch by 4-inch
specimen, the 4-inch by 4-inch specimen was more attractive for the ability to maintain the desired
temperature profiles on the specimens. Additional reasons for considering the 8-inch by 4-inch is to have
enough material to mechanically restrain the boundaries and apply mechanical load if needed to introduce
global loads into the joggle specimen.
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Fig. 10 Full-scale Panel 10 solid geometry along with local 8-inch by 4-inch model geometry and close-up

view showing detailed dimensions through the thickness of the panel joggle.

Both finite element models are displayed in Fig. 11 along with the laminate coordinate system utilized
for evaluating the results. The laminate coordinate system was based on elements defined consistently to
have an element coordinate system with the x-component following the in-plane laminate properties in
the panel span direction, the y-component following the in-plane laminate properties in the panel chord
direction and the z-component following the laminate properties through the thickness of the panel. The
typical element size is 0.04-inches in the x-direction, 0.08-inches in the y-direction, and 0.02-inches in the
z-direction for the three elements adjacent to the outer mold line (OML) and inner model line (IML). This
meshing yielded two elements representing SiC coating and five elements for the RCC substrate through

the thickness of the panel.
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Fig. 11 Finite Element Models (FEM) and associated laminate and element coordinate systems.

Material Properties

Most of the material properties used in the models for both the SiC coating and RCC substrate were
generated from testing the materials at Southern Research Institute. Both the coating and substrate
material models included temperature-dependent materials properties. Since the shear strength of the SiC
was not available, a conservative approach using the RCC interlaminar shear strength for the
homogeneous SiC shear strength was adopted since data from testing coated RCC, where the SiC coating
and RCC substrate were loaded in equivalent shear, had always resulted in RCC failure for all tests (Ref.
8).
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Thermal Loading

Transient thermal analyses had been conducted at Boeing Huntington Beach on a shell model of Panel
10. The predicted peak temperatures that occurred on the panel and joggle region occurred at 800
seconds into re-entry and are displayed in Fig. 12. As shown on the panel OML, a peak temperature of
2680°F occurred at the joggle, where the corresponding predicted IML element temperature was 2480°F
(not shown). In consideration of these temperature results, four thermal load cases are created for
applying to the local joggle models to parametrically study the sensitivity of the stress solution with
respect to the peak operating temperature and spatial temperature gradients. The four load cases include:
1) Uniform Applied Temperature, 2) Insulated IML, 3) Insulated Rib, and 4) Insulated IML and Rib.
These cases were named based on what would be needed if an experiment was determined necessary to
replicate the thermal gradients, i.e., for load case 2) the IML would need to be insulated to try to achieve
the desired thermal gradient through the thickness of a specimen. Nevertheless, steady-state thermal
analyses were performed to achieve the temperature distributions using prescribed temperature boundary
conditions for the analysis effort, based on the desired global panel temperature results shown in Fig. 12.
Prescribed boundary conditions were used to simply generate the desired temperature distributions, as
opposed to actually modeling insulation in the finite element model. The reason for analyzing these cases
included both to study the effect of spatial thermal gradients on the thermal stress solution and to
determine the accuracy of thermal distributions needed to replicate thermals stresses adequately on a
laboratory test specimen. Contour plots showing temperature distribution results for the thermal cases on
the 4-inch by 8-inch model with rib are displayed in Fig. 13. Where case 1) is the simplest uniform
temperature case that can most easily be achieved during testing, case 4) most accurately represents the
predicted temperature distribution occurring at the joggle during re-entry. The cases were created to
independently investigate the effect of the temperature gradient through the thickness and the temperature
gradient across the span on the thermal stress solution of the joggle. The cases also represent thermal
distributions that may be achievable during testing by insulating regions of the test specimen.

Three-dimensional Baseline Analysis Results and Discussion

Structural analyses were performed using NASTRAN’s nonlinear static analysis capability (Ref. 5).
The nonlinearity is due to the temperature dependency of the material properties and otherwise linear
elastic material behavior is assumed in the models. Analyses were executed on each of the two local
joggle models previously described and for each of the thermal load cases. For both models, boundary
constraints were applied only to prevent free body motion and thus the model boundaries were free to
expand and/or contract under the thermal loading conditions. Unless otherwise noted, a SFT of 700°F is
used in the models.

The baseline case studied is the uniform thermal load case, Case 1, where T=2680°F, applied to the 4-
inch by 4-inch joggle model with no rib. In the subsequent figures, stress results in the SiC coating and
RCC substrate will be shown individually for clarity in presentation. The values shown are the ratios of
the stress values to the corresponding average ultimate strength of the material at the peak joggle
temperature which is expressed as SF, the stress factor,

SFo =21 (6)
Fi
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where F is the average ultimate strength of the material component at the peak joggle temperature in the i-
th material coordinate direction. In the forthcoming figures, values of SF;much less than one are
considered not significant, and the focus is on values of SF; near or greater than one, where thus the stress
may exceed the actual ultimate strength of the material.

T =2200°F

T = 2680°F

Fig. 12 Peak joggle temperatures predicted on global shell model of Panel 10 at t = 800 sec.

For the homogeneous SiC coating, a peak stress occurred in the spanwise direction in the curved
portion of the joggle at the interface between the OML coating and RCC substrate. The span direction
stress distribution in the OML coating elements is displayed in Fig. 14. These results indicated that
significant compressive stresses arise in the coating due solely to thermal loading. The maximum
spanwise stress in the coating is located on the inner surface adjacent to the RCC substrate and is confined
to the curved joggle region where the RCC substrate has an increase in thickness from the acreage region.
The stress is significant and nearly constant along the entire chord of the joggle except near the free edges
where a spike in the span stress component is observed. This free edge effect is a concern for test
specimens and will be discussed later in this report.

For the RCC substrate, the spanwise stress distribution is displayed in Fig. 15. Unlike the coating
stress distribution where a peak stress was observed on the joggle, the peak spanwise stress in the RCC
substrate occurs further down where the curvature changes direction, which would be located under the T-
seal. Alternatively, at the curved joggle region a slight decrease in the span stress is observed in the RCC
15



substrate. What is of utmost significance in the RCC substrate is the through the thickness stress
predicted and displayed in Fig. 16. Revealed is a tensile interlaminar normal stress concentration that
exists only in the curved portion of the joggle at the interface with the OML coating.  This stress
component is the most severe component predicted in the analysis and exceeds the average interlaminar
tensile (ILT) strength of the RCC substrate. Similar to the coating stress, the stress is nearly constant
along the chord of the joggle except near the free edge where a local increase occurs. To observe better
the stress distribution through the thickness near the center of the finite element model, a section of
elements was taken at the center and the local results are displayed in Fig. 17. In the through the
thickness direction at the joggle, in approaching the RCC surface adjacent to the OML coating, the stress
increases from relatively benign values to values in excess of the ILT strength at the outermost element
adjacent to the SiC coating. Clearly, a through the thickness stress concentration exists in the RCC
substrate which is localized in the curved portion of the joggle at the interface with OML SiC coating.

T = 2680°F

v

T = 2680°F

2) Insulated Rib

1) Uniform T

T =2200°F

T = 2680°F T =2680°F

T = 2480°F /
3) Insulated IML 4) Insulated Rib and IML

T=2200°F ||/

Fig. 13 Temperature distribution contour plots for thermal load cases.
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Inner surface of OML SiC coating adjacent to- -1
RCC substrate -1

Fig. 14 Compressive stress distribution in spanwise direction in OML SiC coating for baseline analysis.

A convergence study was performed on the results using a refined mesh model. The model was
refined to include twice as many elements in each material coordinate direction in the joggle region.
Results of this study showed negligible change in the in-plane stress prediction values. For the peak
through the thickness ILT stress predicted, a 6% increase in the element adjacent to the OML SiC coating
interface was predicted. The ILT stress then decreased while remaining significant within the next two
elements away from the interface. Consequently, the peak magnitude of the ILT stress predicted at this
location can only be considered approximate, although the presence of a critical stress concentration is
Clear.

In general, significant magnitudes of stress exist in the joggle region on the panels when high
temperatures are experienced from the high heat fluxes occurring during re-entry. The predicted stresses
in the joggle region are more severe than panel stresses away from the joggle. The severe through the
thickness stress concentration is due to a highly localized phenomenon associated with the combined
effect of high curvature in the joggle in conjunction with the high temperatures experienced in the
material system composed of two materials with differing thermal expansion coefficients. This
phenomenon can only be captured with the materials modeled discretely with respect to their material
properties and with a model containing sufficient elements through the thickness to depict the stress
concentration. Unfortunately, the global shell analysis model was not able to capture this critical stress
component inherent in the design of the joggle. Importantly, one should be aware that in a flat plate with
the coating modeled discretely from the substrate, the through the thickness stresses are zero when subject
to a thermal load only. Thus the phenomenon of a through the thickness stress concentration requires the
presence of a finite radius of curvature as is the case with the joggle designed with a quarter inch radius of
curvature.
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Fig. 15 Stress distribution in spanwise direction in RCC substrate for baseline analysis.
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RCC substrate surface adjacent to OML coating 57

Fig. 16 Stress distribution through the thickness in RCC substrate for baseline analysis.
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Face of RCC substrate adjacent to OML coating

Fig. 17 Stress distribution through the thickness in RCC substrate elements taken from center of finite element
model in baseline analysis.

Parametric Study: Thermal and Geometric Sensitivity

The main objective of the parametric study is to define an optimal test to best replicate the state of
stress occurring in the panel joggle region during re-entry. Testing can then be performed on local joggle
specimens to determine experimentally if the loading condition experienced during re-entry leads to the
observed material separations and spallation events. Both test specimen size and the loading conditions
were considered in this analytical evaluation. A secondary objective of the parametric study is to evaluate
the detailed state of stress occurring in the joggle during re-entry and its sensitivity to potential variations
that could exist in the local thermal loading condition.

Analysis of joggle geometries included the 8-inch by 4-inch model with the rib and the 4-inch by 4-
inch model without the rib as shown in Fig. 11. Each model is subject to the four thermal loading
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conditions shown in Fig. 13. All peak stress factors occurring in the center joggle region, away from free
edges, are displayed in Table 1. The peak values are displayed for each stress factor component in the
RCC substrate and in the SiC Coating. For each case shown, the peak stress factor remained in the same
location despite the variation in geometry or thermal load condition. The interlaminar normal stress
distribution for the 8-inch by 4-inch model, when subject to the insulated rib and IML load condition, is
shown in Fig. 18. A close-up of the stress distribution through the thickness of the RCC in the joggle
center section is shown in Fig. 19. Comparing these stress factors to the corresponding stress factors
predicted in the 4-inch by 4-inch model subject to the uniform thermal load (shown in Figures 16 and 17)
clearly indicates that changing the extent of the geometry modeled or the thermal spatial gradients in the
joggle region did not affect the location of the peak stress component or the general character of the
distribution of the stress component in the joggle.

Table 1. Peak stress factors occurring in the center joggle region

8-inch by 4-inch with rib 4-inch by 4-inch without rib
Ins. Ins. Ins.R & Ins. Ins. Ins. R &

Tuniform Rib IML [ Tuniform RIib IML |
RCC SFx 0.45 0.46 0.45 0.45 0.46 0.46 0.45 0.45
RCCSFy 0.44 0.39 0.43 0.40 0.43 0.41 0.44 0.41
RCCSFz 1.30 1.18 1.42 1.26 1.28 1.16 1.38 1.24
RCC
SFxy 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.00
RCC
SFyz 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01
RCC
SFzx -0.11 -0.16 0.20 0.15 -0.10 -0.18 0.17 -0.12
SiC SFx -0.46 -0.42 -0.49 -0.44 -0.46 -0.42 -0.48 -0.44
SiC SFy -0.33 -0.42 -0.42 -0.45 -0.34 -0.39 -0.40 -0.40
SiC SFz 0.07 0.06 0.08 0.06 0.06 0.06 0.07 0.06
SiC*SFxy -0.08 0.15 -0.16 0.10 0.01 0.09 0.14 0.03
SiC*SFyz -0.01 -0.01 -0.02 -0.01 -0.01 -0.01 -0.01 -0.01
SiC*SFzx 0.37 0.30 0.44 0.37 0.37 0.31 0.43 0.37

a Interlaminar shear strength for coated RCC used for SiC strength which would be greater.

Of most interest here is the difference of the stress between the 8-inch by 4-inch model with the
insulated rib and IML, where the loading condition best replicates the re-entry thermal load, and the 4-
inch by 4-inch model with the uniform temperature distribution, which would be the simplest test that
could be most efficiently accommodated experimentally. Only minor changes in the actual peak values
for these cases are observed. The largest difference is observed with the chordwise y-direction stresses in
the coating between the cases. As expected this stress component is largest when thermal Xx-direction
spatial gradients are largest, where the cooler rib temperatures constrain thermal expansion leading to
large compressive stresses at the joggle. However, this y-direction stress component is much less critical
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than the through the thickness ILT stress component occurring in the RCC substrate. This ILT stress
component and the other significant stress component in the coating, the interlaminar shear stress, show
negligible differences.

1.1

Fig. 18 Stress distribution through the thickness in RCC substrate elements from 8-inch by 4-inch model
subject to thermal load case 4, insulated rib and IML.
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Fig. 19 Stress distribution through the thickness in RCC substrate elements taken from center of finite element
model for 8-inch by 4-inch model subject to thermal load case 4, insulated rib and IML.

The sensitivity of the joggle stress state to changes in the value of the applied temperature and the
assumed SFT is also studied. Using the uniform temperature thermal load case on the 4-inch by 4-inch
specimen, a uniform temperature of T= 1700, 2100, 2400, 2680(baseline case), and 2900°F was applied.
The critical ILT stress factor results are presented in Fig. 20. The peak ILT stress factors are plotted as a
function of the uniform applied temperature. Each curve is for an assumed value of the SFT. In each case
the stress decreases appreciably with decreasing applied temperature as expected due to the decrease in
the thermal loading condition. Clearly the ILT stress becomes less critical at lower applied temperature
and at higher assumed SFT, due to the associated decrease in the thermal load (see Eq. 2). Not shown, the
peak in-plane stresses predicted also decrease similarly with decreasing applied temperature.

Care must be taken during validation testing to prevent peak stresses occurring at panel free edges.
The analysis indicates that the free edges experience spikes in stress compared to the center joggle region
away from the boundaries. However, panel free edges are not exposed to the high temperatures associated
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with the stress spikes. There are no free edges in the vicinity of the panel joggle where the highest
temperatures occur. If a failure during a test initiated at a hot free edge the failure would not be
representative of a failure that would occur during re-entry. Consequently, keeping the free edges cooler
on a test specimen should be considered to lower free edge stresses, leaving the peak stresses to occur in
the interior region of the specimen.

1.6
1.4
//»
08 — _—
////
0.6
0.4 .,/ —— Tref = 700F
—>< Tref = 1000F
0.2 —a— Tref = 1200F
' Tref = 1700F
0
1700 1900 2100 2300 2500 2700 2900

Applied Temperature, T(°F)

Fig. 20 Peak predicted ILT stress factor for varying applied temperature and assumed SFT values.

Overall, evaluation of the results indicates that the state-of-stress at the joggle is relatively insensitive
to potential variations in spatial gradients of the temperature that could be present in the vicinity of the
joggle during re-entry. Alternatively, the actual peak temperature occurring at the joggle dominates the
response in influencing the magnitude of the critical stress experienced at the joggle. Based on results of
the parametric study, the highest stresses in the joggle are predicted to occur at the time during re-entry
when the highest temperature is experienced at the joggle location.

Significant stress magnitudes are predicted in the local joggle analysis effort compared to the stress
magnitudes that had been predicted in the joggle region with the global shell model. The contribution to
the total local stresses from the global loads is evidently negligible. Thus, a detailed global panel analysis
model is not necessary to predict the local joggle state of stress nor is mechanically restraining the edges
of a test specimen or applying additional mechanical input loads needed to replicate global panel load
conditions on the boundaries of the local model. Additionally, with the insensitivity of the local results to
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the modeling of differing local model sizes, the baseline 4-inch by 4-inch local geometry model with a
uniform thermal load and without external mechanically applied loads is sufficient to adequately replicate
local stresses in the joggle that occur during re-entry. Therefore, a 4-inch by 4-inch test specimen
thermally cycled to the peak operating temperature is concluded to be an adequate test for generating the
critical state-of-stress experienced in the joggle during re-entry.

Failure Analysis

Heretofore analysis of the local joggle model has provided insight into the state-of-stress occurring
locally in the joggle as part of the full scale panel for the hottest temperatures incurred during re-entry.
Since the most severe stress in the joggle is predicted to occur when the temperatures are highest during
re-entry, this state of stress is considered for failure analysis.

The coated RCC material system falls into the category of a Ceramic Matrix Composite (CMC).
Typically, the Maximum Stress/ Strain Failure Theory is considered an applicable failure theory for CMC
materials due to the brittle nature of the material system, where Mohr’s hypothesis for brittle material
states that fracture occurs in the plane where normal and shear stresses exceed the strength of the fracture
plane. Previous work in the area of failure criteria for CMC materials has even defined Maximum
Stress/Strain Failure Theory as the best failure theory for CMC materials (Ref. 9). The maximum stress
failure criterion predicts fracture to occur for o; > F; on the plane normal to the direction of the maximum
stress. Here, F, is the specific ultimate strength in one of the principle material directions of the
composite material system. In referring to Fig. 20, which plots SF, using the average ultimate strength in
the through the thickness direction, F,,, failure would be predicted, on average, for SF, >1. Due to
inherent variations in specific aspects of the joggle, which could affect the stress and variations in ILT
strength, the exact temperature a specific joggle will fail at is ambiguous. Also, the ILT strength material
property was generated on flat coupon specimens, where the actual value for curved joggles could be
different due to manufacturing variations (e.g., compaction, porosity, etc.).

Alternative to the maximum stress failure criterion, which is conservative when nonlinear material
behavior occurs, the maximum strain failure criterion is also considered here. Maximum Strain Failure
Theory predicts failure to occur when the peak predicted strain exceeds the ultimate strain in a material
coordinate direction, or for a strain factor, StF; >1 where

StF, = —1— ™
€ ui

and g is the ultimate strain in the i-th material direction. For the baseline case, the maximum strain
failure theory predicts a strain factor of StF, = 0.67 using the average ultimate strain. Although this is
lower than 1 for the average strain value used here, lower bound strain data exists for ultimate strain
values at approximately 50% of the average value used here (Ref. 10). In this reference, twelve
specimens were tested and the average value was at 75% of the average value being used here. Using the
lower bound strain value would result in a strain factor of 1.3, where failure is predicted. Consequently
for the baseline case the predicted strain value exceeds the lower bound strain data and thus the potential
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for failure exists. Considering a 50% lower bound on the ultimate strength value (Ref. 11) and referring
to Fig. 20, for a SFT of 1000°F, the potential for failure to occur is observed to exist at temperatures as
low as approximately 1700°F.

Overall qualitative observations can be made in considering the trends displayed in Fig. 20. Clearly,
the potential for failure increases as the operating temperature of the joggle increases above a threshold
temperature that is dependent on the SFT. For joggles with high specific SFT, the probability for failure
would be less than for joggles with low specific SFT. Applying the Maximum Stress/Strain Failure
Theory, failure is predicted to occur in the form of a subsurface fracture on the plane normal to the
through the thickness direction in the curved portion of the joggle in the RCC at the OML SiC coating
interface.

Experimental Validation

Arc-jet testing of local joggle with T-seal specimens was performed in parallel to the current analysis
effort under the root cause investigation. Although the objective of the arc-jet testing was to determine if
there was local heating augmentation on the joggle due to the step and gap condition with the adjacent T-
seal, one of the specimens tested resulted in a joggle subsurface material separation post-test where there
was no initial NDE indication prior to the arc-jet test (Ref. 12). This response was of interest here and
further study was subsequently initiated to evaluate the infrared imaging data to determine when in the
test thermal cycle the material separation first occurred. This investigation identified that the material
separation appeared to occur during the ramp up to the peak heating condition, where specimen
temperature went from 2500 to 2800°F (Ref. 13). This finding provided experimental data consistent
with the current analysis effort in identifying the ramp to peak heating as being the time in the re-entry
thermal cycle when a material separation occurred.

Conclusions

Detailed finite element analysis models of the local joggle region were created and utilized to predict
the thermostructural response of the joggle during re-entry of the Shuttle Orbiter. Parametric and
sensitivity studies revealed the most significant stresses occur in the joggle during peak heating due to the
locally high temperature and discontinuity in material properties between the coating and substrate
material. At the highest temperatures experienced in the joggle, a critical state of stress is predicted
where excess ILT stress occurs in the curved portion of the joggle in the RCC at the interface with the
OML SiC coating. The location of this critical stress component coincides exactly with the location of
material separations observed with microscopy. Consequently, failure due to excessive interlaminar
normal stress occurring at the curved joggle region in the RCC substrate adjacent to the OML SiC coating
is concluded to be the cause for the observed material separations. The material separations are predicted
to occur during heat up and are most likely to occur sometime between reaching 1700°F and the peak
operating temperature for the joggle, where potential for failure increases with increasing temperature.
Once a subsurface material separation is present, local geometric changes due to the separation would
lead to further variation and uncertainty in the SFT in the separated region and thus, further uncertainty in
post material separation analyses. Consequently, thermal cyclic testing is recommended to study the
propagation of the failure and to determine the specific flight loading conditions associated with actual
spallation of the SiC coating.
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