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INTRODUCTION




METEOROID & DEBRIS SPECIAL INVESTIGATION GROUP




METEOROID & DEBRIS SPECIAL INVESTIGATION GROUP

1. INTRODUCTION

The Long Duration Exposure Facility (LDEF) was host to several individual experiments designed to
characterize aspects of the meteoroid and space-debris environment in low-Earth orbit. It was realized from
the very start, however, that the most complete way to accomplish this goal was to exploit the meteoroid and
debris record of the entire LDEF. The Meteoroid and Debris Special Investigation Group (M&D SIG) was
organized to achieve this end.

Two dominant goals of the M&D SIG are the documentation of the impact record of the entire LDEF, and
the dissemination of this information to all interested workers. As a major step towards the accomplishment
of these goals, we have prepared this publication describing the M&D SIG observations of impact feature
made during LDEF deintegration activities at Kennedy Space Center (KSC) in the spring of 1990. It is hoped
that this report will serve as a useful guide for spacecraft designers as well as for meteoroid and space-debris
workers, and that it will spur further work on the LDEF impact-laden surfaces collected by the M&D SIG and
now available for allocation to qualified investigators.

An important aim in the writing of this report has been to present all data and descriptions of impact features
in a form which, though terse, remains comprehensible to the wider community. There is a deliberate
minimum of interpretation. Thus, this catalog is intended to serve as a guide to the impact features found on
LDEF and is not intended to stand as a definitive interpretive work.

M&D SIG members at KSC gathered a specific set of data for all large impacts present on LDEF, which
included (1) the size, type, location, and feature characteristics of all impacts deserving of documentation
(20.5 mm in diameter for thick surfaces, 20.3 mm in diameter for thinner blanket-type materials, and others
exhibiting unusual characteristics), (2) digitized, stereo imaging in color of all large impact features, and (3)
the numbers of all impact features large enough to be observed visually, but too small to warrant detailed
documentation. In addition, we collected any other information on these impact features which could be
gathered visually was recorded. All of these data and images are securely stored in the Johnson Space Center
(JSC) Curatorial Facility Data Vault. These images are now in the process of being reduced to yield accurate
impact crater diameter and depth data. Since this data reduction was not complete at the time of this writing,
however, please note that the crater diameters given in this catalog come from measurements made with a
scale on a video screen, with typical error of perhaps 10%. All data from reduced images will be published in a
later compilation.

The M&D SIG has endeavored to arrange all M&D data collected at KSC into an easily accessible, readily
understandable form, first describing the procedures employed in surveying and documenting impact features.
The results are represented by detailed tray summaries, which are ordered by experiment "Bay" and "Row"
location, followed by descriptions of the impact features found on thermal panels, scuff plates, the walking
beam, and the aluminum frame of the LDEF itself. Please note that the descriptions of bolts, clamps, shims,
and reflectors are included with their respective experiment trays or thermal panels, and are not separated
into independent sections. The curatorial techniques employed for LDEF samples, are described next,
followed by the current status of curated M&D SIG samples and equipment.

Finally, a series of recommendations are presented which, if implemented, would provide the necessary
scientific and engineering data with which to design and operate spacecraft safely in low-Earth orbit, while
simultaneously yielding an unparalleled view of the meteoroid and debris complex.
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2.A. GENERAL

This section describes the various procedures and equipment used by the Meteoroid & Debris Special
Investigation Group (M&D SIG) during deintegration operations of the Long Duration Exposure Facility
(LDEF) at the Kennedy Space Center, and provides the background necessary for understanding the data
presented in Section 3.

Section 2.B. presents a description of the various impact-feature morphologies encountered by the M&D SIG
Analysis Team (A-Team) during their examination of the entire LDEF spacecraft. Many of the terms and
characteristics described within this section are used repeatedly in the individual tray summaries in Section 3.

In order to efficiently complete the M&D SIG deintegration operations with a minimum of missed or lost
data, special procedures and equipment were complied at the Johnson Space Center prior to the retrieval of
the LDEF spacecraft. Sections 2.C through 2.F explain the data-collection procedures and the equipment
utilized by the M&D SIG A-Team during LDEF deintegration.

Section 2.C details the procedures used during the nine primary M&D SIG A-Team surveys of LDEF. This
section also describes both the origin ([0,0] reference point) used on the various LDEF surfaces and the
Coordinate Registration System used for measuring the X- and Y-coordinates of impact features on those
surfaces.

Section 2.D. specifies the procedures by which the impact features were documented photographically during
the M&D SIG deintegration operations. The Stereo-Microscope Imaging System, which was used for most
photodocumentation, is described in detail, as are associated software operations.

Since the M&D SIG was responsible for trisecting, packaging, and shipping of the 17 Scheldal G411500
thermal blankets flown on LDEF, special procedures and shipping containers were developed to ensure the
safety of the thermal blankets during shipping, storage, and preliminary viewing or analysis. Section 2.E.
explains procedures followed in processing the thermal blankets and describes the specially-designed thermal-
blanket boxes.

By reading all of Section 2, the reader should gain a broad familiarity with the M&D SIG LDEF deintegration
procedures and equipment, which will assist the reader in understanding the data presented within the Section
3 summary reports.

2.B IMPACT FEATURE MORPHOLOGY AND DIAMETER MEASUREMENTS

During approximately a three month period (February through April, 1990), members of the M&D SIG, as
well as several other individuals, examined and photodocumented thousands of impact-related features from
all exposed surfaces of the LDEF spacecraft. Approximately 25 percent of the exposed experimental surface
area which flew on LDEF was dedicated to the study of micrometeoroids and debris. However, as a result of
LDEF extended stay in orbit, it was decided to examine the entire spacecraft for large (0.5 mm in diameter)
impact features in order to gain a better statistical understanding of the micrometeoroid and debris fluxes for
these size particles. Thus, one goal of the M&D SIG A-Team was to examine and photodocument all features
20.5 mm in diameter so that such information could be added to the overall particle size database expected
from the dedicated meteoroid and debris experiments. Furthermore, it was decided early during the M&D
SIG operations at the Kennedy Space Center (KSC) to lower the minimum threshold diameter for pnetrations
to 20.3 mm in diameter. The primary reasons for making diameter measurements during the KSC
documentation operations were to (1) determine if the minimum feature-size criterion had been met and (2)
develop a first-order database for feature sizes and locations which would supplement the detailed analytical
database to be developed by the M&D SIG from the stereo-video image pairs of impact features recorded at
KSC. During the M&D SIG operations at KSC, feature diameters were estimated to two decimal places (e.g,
0.51 mm) using the conversion graphs discussed below. However, there were several sources of error in these

i
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measurements, as described later, and a decision was made to report the diameters to the nearest 0.1 mm
within this publication. This represents the level of accuracy which could realistically be expected from the
measurement techniques and the large number of system operators employed by the M&D SIG. The image
files are currently being reduced to yield more accurate data (e.g., depth, diameter).

This section describes the general morphology of impacted-related features encountered during the
examination and photodocumentation of the diverse materials flown on LDEF. The methods, and their
limitations, used to determine the estimated feature diameters on the various classes of materials are
presented as well. For addtional information on impact feature morpholgy, and the impact process itself,
interested readers are directed to References 1 and 2.

2.B.1 DIAMETER MEASUREMENTS

All LDEEF surfaces were scanned for impact craters with center-of-rim to center-of-rim diameters =0.5 mm,
and for impact penetration holes with center-of-rim to center-of-rim diameters 0.3 mm (Figure 1). Features
which met the minimum size requirements were imaged, as were smaller features which exhibited some
unusual or interesting characteristics (e.g., the presence of associated debris, secondaries, the scarcity of
features on a particular surface under examination). After visually identifying and recording the coordinates
of all impact features on a surface which were potentially large enough for digital imaging (see Section
2.C.6.d), the Stereo-Microscope Imaging System (SMIS) was used to examine each registered feature in detail.
During this examination, the feature’s estimated diameter was determined by placing a metric scale over the
feature’s image on a video-display screen. The measured screen diameter would then be converted to the
estimated feature diameter by locating the screen-measured diameter on a straight-line correlation graph and
reading the corresponding feature diameter (see Section 2.D.4.1 and Figure 31 for details on this process and
the generation of the conversion charts). Two such graphs, each containing the four commonly used
magnifications (6X, 12X, 25X, and 50X), were part of each SMIS and were used by all operators. When non-
standard magnifications were used, an appropriate correction factor was applied to determine the estimated
feature diameter from the existing graphs.

The majority of impact features

examined at KSC possessed raised D o
rims, some of which were irregular in l“ S
shape resembling a flower "petal”. In W v
practice, the microscope was focused . / & s o
on the top of the feature’s rim, and [ S / 2
the center of the ridge which was in eI e
focus was used to make the estimated ( A)
diameter measurements (Figures 1
and 2). When highly asymmetric rim ' D

<G|

shapes were present, this approach
lead to three types of measurement
errors: (1) inaccurate diameter 2
measurements, (2) reporting of B3
symmetrical craters as elliptical, and C

(3) reporting of elliptical craters as ( )
symmetrical (Figure 3). Since crater
diameters are reported here only to

the nearest 0.1 mm, the effect on the Figure 1.  Typical impact featur? structures an_d associated diameter
database of the inaccuracies measurements. (A) Cross-sectional view of feature with symmetrical rim and

3 overturned lips, (B) Top view of [A], (C) Cross-sectional view of a penetration
generated by the few cases of highly feature with symmetrical rim and overturned lips, (D) Cross-sectional view of a

asymmetric rim shapes is minimal, penetration feature without a rim.
and the number of reported elliptical
features in this first-order database is
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Figure 2. Photograph of a symmetrically-shaped crater in an aluminum surface. Most features on LDEF were of this type. Small divisions
on scale are in millimeters.
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of limited use. Certainly all highly elliptical features were unambiguously identified, but identification of
features with eccentricities on the order of 10 to 15% was subject to large uncertainties.

Penetration-hole  diameters were
measured from edge to edge when (A) D

rims were not present as illustrated in }4—»‘
Figure 1d. When rims were present ol

and symmetrical, the distance xx "
between the centers of oppossing rims
was taken as the feature’s diameter

(Figure 1c). When rims were
asymmetric, either as the result of an

the result of the collapse of "molten”

oblique impact, or more commonly, D,

material, a case by case determination

of the apparent hole diameter was Sl
made. This was done by examining D, i

the feature under the SMIS and D,

determining the position of the hole
edge beneath the collapsed rim
(Figure 4). Since this situation

usua]ly occurred on thin polymeric Figure 3. Three type of measurement errors that could result when measuring

asymmetrical features. (A) Inaccurate diameter measurement due to missing
surfaces, such as the Teﬂor.x thermal rim, (B) an elliptical feature reported as symmetrical, and (C) a symmetrical
blankets of the A0178 experiment, the feature reported as elliptical.

collapsed rim was  somewhat
translucent and an adequate view of
the inside hole edges could be obtained.

Elliptical features which had major- and minor axes
which varied by 210%, and highly-oblique features
(comet-shaped features whose lengths were several D
times greater than their maximum widths; Figures 5
and 6) are reported with the length of both axes
indicated (e.g,, ~0.7x 0.9 mm and ~0.4 x 1.3 mm). The
limitations of the diameter measurement procedure in
determining if features were elliptical in each type of
surface were discussed above.  Asymmetric rim
formation was the major factor complicating diameter
measurements. Accurate measurement of oblique-
feature dimensions was often complicated by the
poorly defined boundaries of the impact-affected area.
The comet-shaped features usually exhibited clearly )
defined "heads" and more diffuse, or less well defined Fawes 4 Emmplc of 1he gencrl momhiology and the
> associated feature diameter of a penetration hole through a
"tails". These were often composed of a series of single-layer thermal blankets possessing a collapsed rim.
microcraters which diminished in size and number with
distance from the head to tail center line. The
dimensions for such features were measured between the furthest points of altered surface material
discernable under optical magnification.

2.B.2 IMPACT FEATURE MORPHOLOGY

In the subsections which follow, the general morphological descriptions are presented, along with various
diagrams and photographs, of impact features observed within the various categories of surface materials.
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Figure 5. Photograph of an elongate feature in an aluminum surface, probably from an extremely low-angle (<5°) or oblique impact.
View measures approximately 1.5 cm across.
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These categories include (1) metals, (2) glasses and crystalline solids, (3) polymers (including the Scheldahl
G411500 thermal blankets), (4) composites, and (5) multi-layered thermal blankets and other multi-layer
structures. Unusual feature morphologies are described individually within the appropriate experiment-tray
summary reports (Section 3.B).

The impact of a hypervelocity particle into most surfaces will cause the ejection of solid, liquid, and gaseous
materials from the impact zone. The ejection of such materials often left visible deposits on many LDEF
surfaces, and there were many instances where ejected materials could be seen (on the same or adjacent
surfaces) partially or completely surrounding an impact site. 'When such debris deposits were encountered,
the images acquired during the photodocumentation of such features usually included the associated debris
deposits.

2.B.2.a Metals

Approximately 75 percent of the exposed surface area on LDEF consisted of coated and uncoated aluminum
alloys. A large portion of this arca consisted of anodized aluminum structural members which were held
together with 303 stainless steel bolts. All of the exposed experiment-tray flanges, clamps (except for a few),
and the structural members of the LDEF frame were constructed from chromic-anodized 6061-T6 aluminum.
The same material was used in the fabrication of the space-end thermal panels, space- and Earth-end dummy
plates, grapple-fixture tray surfaces (except for the actual grapple fixtures), experiment environment control
cannisters (EECC), a variety of experiment-frame structures, and the experimental surfaces of the 25 whole or
partial trays which made up the Space Debris Impact Experiment (S0001). The Earth-end thermal panels
were anodized with a slightly different anodization process which resulted in their black color; the process
itself is of a proprietary nature and cannot be detailed here. In addition, a variety of small uncoated metal
samples were exposed as part of several experimental packages in order to evaluate the effects of the low-
Earth orbital environment on their physical properties.

Coatings on metal surfaces ranged from the very thin single layers to the ~3 to 4 mils (~75 to 100 um) thick
Teflon/silver/adhesive coatings on aluminum components of several experimental surfaces (such as the
Transverse Flat-Plate Heat Pipe Experiment [S1005] and the housing on the Thermal Control Surfaces
Experiment [S0069]). Between these extremes there were many painted aluminum surfaces which had a
variety of primer and top coats totaling ~1 to 2 mils (25 to 50 um) in thickness. Many of these surfaces were
painted white for thermal control.

The vast majority of impact craters identified
in uncoated metal surfaces were symmetrical
in shape and possessed a raised rim (Figures 1
and 2). A small percentage of these craters
exhibited asymmetric rim shapes or petals, or
were elliptical (Figures 5 and 6a). Several
dozen highly elliptical features resulting from
oblique, or grazing impacts (Figure 6b) were
found on the Earth-end thermal panels. Such
features were not uncommon on the various
Earth-end thermal panels and, in general,
possessed semi-minor axes of <0.5 mm, while
the semi-major axes were commonly measured
at >1.0 mm in length. These features were
easily discernable on the black-anodized
Earth-end thermal panels as the underlying
aluminum substrate clearly stood out in areas F'igure 6. Elliptical and highly-qblique featl}rqs and associ.ated
¥ . diameter measurements. (A) Top view of an elliptical feature with a
of impact-induced damage. Several others symmetrical rim and (B) top view of a highly-oblique feature.
were found in various locations around the
spacecraft.
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A few clearly identifiable multi-cratering events were found on metal surfaces. These unusual and rare impact
features (Figure 7) consisted of tens to hundreds of smaller, well-formed craters lining the bottom, sides, and
rims of the host crater formed by the overall impact. The diameter of the overall feature is reported in this
paper, and comments describing the feature’s morphology are included in the applicable summary reports.

Impact penetrations through thin metal surfaces, such
as the foils used in the Multiple-Foil Microabrasion
Package Experiment (A0023), and a few large impacts
through 0.0625" (1.6 mm) thick aluminum sheet metal
had the general symmetrical hole and rim shapes l D I
depicted in Figure Ic. Very thin foils had

correspondingly narrow rims which were not always
evident under low magnification with the SMIS.
However, hole-diameter measurements were easily
made for these features regardless of the associated (A)
rim width.

Impacts >0.5 mm in diameter into painted metal
surfaccfs gene.rally procuced assaciated ypll ?Ones - Figure 7. Illustration of the general morphology and the
the paint which extended for several crater diameters associated feature diameter of several apparent "multi-
around the standard-shaped crater in the underlying cratering" features documented on LDEF. (A) Cross-
metal surface (Figures 8 and 9). On thin aluminum sectional view and (B) top view.

panels coated with several layers of paint there were
frequently large, front-surface delamination zones
extending tens of crater diameters around the impact sites. In these instances, the top layer of paint was
apparently blown off of the surface by acoustic forces propagating through the thin panel. In many cases,
diameters for these zones were measured and recorded in the comments field of the digitized image files.

surfaces commonly possessed associated spall zones in
the paint layers which extended for several crater
diameters around the feature (Figures 8 and 9). On
thin aluminum panels which were coated with several
layers of paint there were frequently large, front-
surface delamination zones extending tens of crater
diameters around the impact sites. In many cases,
diameters for these zones were measured and recorded
in the comments field of the digitized image files.

Craters >0.5 mm in diameter on painted metal ( A) |D

The sizes of impact features in the few silvered-Teflon
coated aluminum surfaces were evaluated differently
than features found in other coated- and uncoated g ¥, s Mlaisuion o Vi gotisial ikl
metal surfaces. Since the coating was relatively thick, 3 associated feature diameter of impacts into ;gintegy metal
to 4 mils (75 to 100 um), the impacts were treated as if surfaces. (A) Cross-sectional view and (B) top view.

they had occurred in the Teflon surface. Impacts into
these types of surfaces produced holes in the Teflon,
the general characteristics of which can be seen in Figures 1c and 4. These hole diameters were measured and
are reported in the experiment-tray summaries. However, the mechanism of impact feature production on
such surfaces was very different from the hole production (penetration) mechanism in true thin films; the
laminated structure was never actually penetrated. Impacts into the bonded Teflon/aluminum surfaces
produced a penetration/melt hole and a shock delamination zone in the Teflon. This delamination zone (i.e.,
the debonding the polymer from the metal) commonly extended tens of hole diameters around the
penetration. In most cases there was also a small crater in the aluminum surface beneath the Teflon coating,
and there were commonly areas of discoloration (black) partially around some features. It should be noted
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Figure 9. Impact into one of the paint specimens on an experiment-tray clamp. This particular feature was the largest impact feature
found on the numerous tray clamps. View measures approximately ~6.5 cm across.

A D
RIM\H r SPALL ZONE

RN

EXTENDED FRACTURE ZONE

B

Figure 10. Illustration of the general morphology and associated feature diameter for features in glass or
crystalline surfaces. (A) Cross-sectional view and (B) top view.
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that the the impact feature sizes on such surfaces are not directly comparable to those on any other LDEF
surfaces.

2.B.2.b Glasses and Crystalline Solids

Several square meters of surface area on LDEF were covered with glass encased solar cells, metal-oxide-
silicon (MOS) capacitor-type detectors, germanium crystal wafers, and hundreds of small glass and crystalline
samples. In addition, there were several experimental surfaces which utilized glass or crystalline materials as
covers or windows. The morphology of impacts into and through glass and crystalline surfaces was dependent
on the physical properties of the individual material. Such features had several, if not all, of the characteristics
depicted in Figures 10 and 11 (i.e., rims, spall zones, fracture zones, and extended fracture zones).

The extent of the spall and fracture zones, and the presence or absence of a rim around the central crater or
penetration hole, were the major differences among impact features in glass and crystalline surfaces. When
rims were present, or when there was a penetration hole without a rim, feature diameters were measured as
depicted in Figures 1a and 1d, respectively. When rims were not present around a crater, the diameter of the
residual crater was measured and reported (Figure 12).

Solar cell cover glasses exhibited more complex local fracture zones and fewer extended fractures zones, while
smaller spall zones were found around impact sites in crystalline substrates. Occasionally, the fracture zones
extended tens of crater diameters to the edges of the glass or crystalline substrate. Several quartz, Si, and Ge
samples had impact-induced fractures which extended more than 2 cm. Crater/hole rims were often, but not
always, missing in impact features in these materials. Spall zones were relatively large, which may account for
the absence of rims. In such cases, primary spall-zone diameters were recorded when no part of the crater rim
or residual crater was present.

2.B.2.c Polymers

Impact features into relatively thick polymeric materials, which were not exposed to extensive atomic oxygen
erosion, had the same general morphology as impacts into uncoated metal surfaces. All diameter
measurements were performed according to the procedures described above. The few impacts which were
found in thick polymeric surfaces which were subjected to high atomic oxygen erosion (such as the reflectors
on the leading-edge of thermal panels G21 and G23) looked worn and ill-defined. The diameters of these
features were determined from the residual rims or craters.

Seventeen peripheral experiment trays were covered with Scheldahl G411500 thermal blankets (STB)
consisting of an outer layer (space facing) of FEP Teflon (~120 um thick) backed with a thin layer of vapor-
deposited silver/inconel (~200 to 300 A thick), which in turn was backed by DC1200 primer and Chemglaze
7306 black conductive paint (~80 to 100 um thick). Impacts into these STBs produced holes similar to those
pictured in Figures 1c, 4, 13, and 14. The major difference between these two types of features was the
presence of a collapsed or an uncollapsed rim around the penetration hole.

Impacts into the STBs produced delamination zones which commonly extended tens of penetration-hole
diameters, separating the Teflon layer from the silver/inconel and paint coatings. Penetration holes were
often surrounded by one or more, whole or partial, colored rings which varied drastically in size and color.
Diameter measurements were rarely recorded for these rings, but the rings were included in the field of view
of the photodocumented features. In general, the ring structures were more pronounced around impact
features on the leading-edge of LDEF STBs, as opposed to their trailing-edge counterparts. Although these
ring structures were not associated with all penetration holes in the STBs, they were found in most cases. In
the tray-summary reports, only penetration holes without rings are annotated, since the absence of rings was
unusual.
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&

Figure 11. Photograph of an impact feature in one of the metal-oxide-silicon (MOS) detectors of the Interplanetary Dust Experiment

(A0201; Bay B12). A central penetration hole (arrowed) is surrounded by a crater and extended fracture zone. View measures
approximately 1 mm across. The same feature at a lower magnification can be seen in Figure B12-2.
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Impacts into laminated polymeric films, such as the
Kapton test specimens on experiment A0138, produced
craters and penetration holes with the general structure
described above, but also had areas of delamination
which appeared as a bubble between layers. Reinforced
layered plastics had less extensive delamination zones,
and frayed fibers were often noted overlapping the holes
in the polymer.

2.B.2.d Composite Structures

Several experiment trays on LDEF exposed various
amounts of composite surfaces which were constructed
from several layers of carbon, glass, and/or Kevlar woven
fiber cloth laminated together with resin binders.
Impact features in these materials were typically shaped

like the rimless hole or crater

Izl r SPALL ZONE

RESIDUAL CRATER LINER

Figure 12. [Illustration depicting the diameter that is
reported for features where only a residual crater remains.

pictured in Figure 15a. Impact-
induced damage of these structures
generally took the form of broken
fibers with missing binder material

from the affected volume. Remnant
fibers often could be found extending
over the area of missing or excavated
binder material, complicating feature
location and diameter measurements.
In some cases the diameter of the
affected volume increased with depth.
This effect appeared to be a function
of the composites’ density, layering
technique, layer spacing, and fiber
type. Feature diameters were always
measured at the surface, as depicted
in Figure 15.

Spall zones were commonly visible Figure 13.

D
RIM \J? l“l Y PENETRATION HOLE

TION HOLE

Illustration of the general structure and associated diameter

around impacts into the layered
composite structures.  The spall
zones, which generally only extended
a few crater diameters, represented
areas where binder material had been
ejected.  Delamination-type zones

measurement for features in the single-layered thermal blankets. (A) Cross-
sectional view depicting the delamination of the Teflon layer from the underlying
silver/inconel/paint surface and (B) top view showing the extent of the
delamination zone and the presence of the "rings" generally found in association
with these features.

were present around many large impacts in horizontally-lapped composite structures. These areas usually
extended a few crater diameters beyond the spall zone, and were most easily identified in translucent
materials. Images were extremely difficult to record on these types of surfaces due to the overlap of broken
fibers and the generally dark color of such materials. An attempt was made to include all of the impact

affected area in the acquired video images.

2.B.2.e Multi-layer Thermal Blankets and Structures

Several square meters on LDEF were covered with multi-layer thermal blankets (MTB) or other multi-layered
surfaces. The majority of the MTBs were constructed from multiple layers of ~5 um thick aluminized Mylar
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Figure 14. Photograph of an oblique feature on the experiment-tray flange of an A0178 tray. The complex inner morphology of this
feature may indicate that it is the result of a multiple-impact event, or an impact from a poorly indurated particle. Note presence of
associated (red) debris surrounding the impact site.
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separated by ~100 ym thick Dacron
netting. There was also one MTB in
Bay B10 (S1005) which consisted of 8
to 10 layers of ~S5 pum thick
aluminized Mylar separated with
Dacron netting and encased with an
outer covering of Teflon-coated
fiberglass cloth (beta cloth). An
additional multi-layer structure which
covered the entire experimental
surface area of Bays B04 and D10
(A0054) consisted of an outer layer of
aluminized Kapton followed by
bonded layers of conducting epoxy,
aluminum, non-conducting epoxy,
and Kevlar.

Large impacts into MTBs produced a
"normal" penetration hole in the
exterior layer (Figure 1c), followed by
successively larger diameter holes in
subsequent layers caused by the
expanding debris cloud. The bottoms
of the large impacts were rarely
visible from the top of the assembled
MTB. However, the last affected
layers in the smaller events, which
only penetrated 2 or 3 layers, often
could be seen. Many features were
imaged several times with different
layers of the penetration holes in
focus. In all cases, the hole diameter
in the outer foil was measured as
described above. Image files and tray-
summary reports often contain
measured  diameters for  the
penetration holes through subsequent
layers of the MTB when they were
visible.

Shadow images of the Dacron netting
were present on impact affected areas
of many of the secondary and tertiary
films in the MTBs. This shadowing
effect was the result of the Dacron
netting shielding the lower layers of
the films from debris-induced
damage. Secondary craters and

(A) |.2.| -saszon:
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Figure 15. Illustration of the general feature morphology and associated feature
diameter for features residing in composite structures. (A) Cross-sectional view
of feature with surrounding spall zone, (B) feature with a larger damage zone,
beneath the composite surface, than is visually seen at the original material
surface, and (C) top view of a feature in a composite surface. Note the
overlapping of the entrance hole by fibers of the composite material.
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Figure 16. Illustration of the general morphology and associated diameter of
features documented within fiberglass beta-cloth materials. (A) Cross-sectional
view with potential crater or spray pattern underneath the beat-cloth layer and
(B) top view.

penetration holes often surrounded this shadowed netting image. Several instances of this characteristic were
photodocumented on MTB surfaces, and descriptions of these features are included in the associated

individual tray-summary reports.

Impacts into the beta-cloth blanket material were similar in many respects to penetration holes in the fibrous
composite materials. The predominant observable impact-induced damage was the rupture of the fibers. The
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frayed and pliable edges of the fibers around the impact site generally overlapped the penetration hole
(Figures 16a and 16b), and it was not possible to see below the beta-cloth layer of this type of MTB. In
addition, as a result of the few-hundred-micron yarn diameter and weave spacing, it was difficult to visually
detect very small impacts into these beta-cloth surfaces. All penetrations which were detected in the beta-
cloth surfaces (minimum size ~0.2 mm) were imaged. Feature diameters were measured from the apparent
edges of the disrupted fibers on opposite sides of the hole.

Impacts into the A0054 multi-layer structures produced penetrations through different numbers of layers of
the laminated structure. Feature diameters were measured from the center points on opposite sides of the
crater rims, as shown in Figure 1c. Penetration-hole diameters through the various bonded layers were noted
and included in the comments field of the associated image files. A variety of delamination and spall zones,
and areas of foil which were peeled back, were present around several of the large impact sites. These are
described in the associated tray-summary reports.

2.C SURVEYING PROCEDURES

Following the rendezvous of the Shuttle Columbia with the Long Duration Exposure Facility (LDEF) on
January 12, 1990, the M&D SIG preformed various inspections or surveys of the LDEF spacecraft. The first
two of four cursory inspections were conducted from the Johnson Space Center (JSC) by monitoring the
recovery activities via close-circuit television, and by examining the negatives from the on-orbit photographic
survey which was carried out by Columbia’s crew following the recovery of, but prior to the berthing of LDEF
within the payload bay. All remaining inspections were performed at the Kennedy Space Center (KSC) with
the first of these occurring at the Orbiter Processing Facility (OPF) prior to the removal of LDEF from
Columbia’s payload bay. The final cursory inspection took place in the Operations & Checkout (O&C)
building during the transfer of LDEF from the payload canister to the LDEF Assembly and Transportation
System (LATS). Subsequent to the arrival of LDEF at the Satellite Assembly and Encapsulation Facility #2
(SAEF II), the payload processing facility in which LDEF was completed deintegrated, six additional,
extremely detailed surveys where performed on the spacecraft as a whole, or on various discrete components
prior to, or immediately after their removal from the spacecraft. These detailed examinations include the (1)
Bolts, Clamps, Shims, and Experiment Tray Flanges/Lips Inspection and Bolt Orientation survey, (2) General
Experiment Tray Front- and Backside survey, (3) Detailed Experiment Tray survey, (4) Thermal Panel
Inspection and Bolt Orientation survey, (5) Detailed LDEF Frame survey, and (6) Detailed Thermal Panel
survey.

2.C.1 ON-ORBIT SURVEY

The M&D SIG was involved in two preliminary surveys which occurred during the LDEF retrieval operations.
The first of these took place at JSC during the actual LDEF retrieval operations on January 12, 1990. The
downlink video and audio signals from the Space Shuttle Columbia were provided to the LDEF Inspection
Team, which included a member of the M&D SIG, for continuous monitoring of retrieval activities. The
survey was performed by watching the downlink signals on a large screen television in the Video
Teleconferencing Center in Building 8 at JSC. The significant observations made during this survey were (1)
the partial detachment of the Bay HO3 and H12 (M0001) thermal b<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>