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Abstract

Retrieval and analysis of space-exposed surfaces from Low Earth Orbit (LEO) can lead to an
improved understanding of the space debris and micrometeoroid particulate environment. A
large volume of data has been accumulated from analysis of space-exposed ductile materials,
including the LDEF satellite. The Hubble Space Telescope (HST) and EURECA solar
arrays provide a large, new source of information on the LEO particulate flux. Below a
certain crater diameter, these solar arrays are equivalent to semi-infinite brittle material targets
and thus the impact crater fluxes are analogous to 1mpact fluxes on returned lunar rocks and
Apollo/Gemini windows.

An extensive shot programme has been executed onto glass, aluminium and spacecraft
honeycomb (used as exterior spacecraft wall and solar array support structure). The data
supplement the large database of brittle material hypervelocity impact tests used in this thesis.
These data have been used to (i) develop new, target-dependent, empirically-determined
brittle material damage equations, (ii) derive a conversion factor between the brittle material
conchoidal diameter (D_) and the ballistic limit in aluminium for a particular exposure and
shielding history (F,_, ), and (iii) investigate the ballistic limit of spacecraft honeycomb. In
addition, the response of brittle materials to. hypervelocity impact has been explored via
hydrocode modelling, including the implementation and validation of the Johnson-Holmquist
brittle material model at velocities beyond the experimental calibration regime.

The converted semi-infinite brittle material fluxes from the HST and EURECA solar arrays
have been directly compared with both an experimentally-measured LDEF mean flux and a
modelled flux prediction for meteoroids (excluding space debris). The solar array fluxes are
in good agreement with the LDEF data and modelling results for F__ greater than 20-30 pm.

Below this value of F__, the data do not reproduce the space debris flux enhancement shown
by LDEF.
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Chapter 1

1. Introduction

The Low Earth Orbit (LEO) particulate environment has been studied by impact detectors
flown in orbit since the beginning of the space age. These detectors have also been placed
on the majority of deep space missions, exploring both the interplanetary and interstellar dust
environment. An additional source of data on the LEO particulate environment, consisting of
both man-made (space debris) and natural (meteoroid) particles, has been collected via the
analysis of retrieved spacecraft surfaces. The large area-time product of satellite surfaces and
solar arrays makes them well-suited to recording the hypervelocity impact craters from a
wide range of impacting particles, and complements the smaller area-time product of
dedicated impact instruments. To utilise these data, an improved understanding of impact

processes on spacecraft surfaces 1s required.

This thesis presents the results of experimental and computational hypervelocity impact
studies on brittle materials and composites. These studies are primarily used to understand
better the impactor parameters of space debris and meteoroids as recorded on the retrieved
HST and EURECA solar arrays. The results can also be used to characterise the response of
the target materials to hypervelocity impact (for engineering purposes).

The results of hypervelocity impact tests on brittle materials and composites can be used to
decode impactor parameters from space exposed surfaces. They are also used for (1)
development of damage equations (predictive, empirically determined power-law equations,
used for charactensing target damage), (ii) evaluating damage to systems in LEO, (iii)
calibrating brittle material hydrocode runs; the results of which then can be used for (ii) and
(iv), and (iv) comparison with planetary cratering. In this thesis the results of hypervelocity
impact tests onto brittle materials and composites are presented and (i), (ii) and (iii) are
examined in detail.

As the full range of impact velocities often cannot be reproduced in the laboratory for the
macroscopic particle diameters of interest, the continued development of the rapidly evolving
PC-based computer modelling of hypervelocity mmpacts is necessary. This modelling
capability has allowed for the simulation of impacts onto brittle materials at a wide range of
impact velocities, to assist in the development of damage equations.

The fluxes decoded from ductile material spacecraft surfaces continue to be used to update
and develop new LEO environment models. The impact data from the recently retrieved
brittle material spacecraft surfaces (HST and EURECA solar arrays)’ also -provide

i..



independent information on the LEO environment. However, they have not yet been
incorporated into the LEO environment models as they have not yet been directly compared
with fluxes denived from impacts on ductile materials. For the HST and EURECA solar
array data to be comparable with previously decoded impact data, they must be scaled to
compare with ductile material fluxes. In addition, to compare the different fluxes, the
spacecraft pointing history and detector shielding (by the Earth and spacecraft) must also be
taken into account. Comparison of bnttle and ductile material space-exposed surfaces
requires a brittle material damage equation evaluation and development programme, and then
development of a scaling factor to compare the conchoidal diameter on glass to the ballistic
limit in aluminium (F__ ) for a particular exposure history (pointing, velocity distribution,
orbital parameters). This work is presented in this thesis. The fluxes from a range of high
resolution scans (representing impacts on the solar array coverglass alone) are converted to
F__ and compared with results from the LDEF spacecraft and TiCCE experiment. In
addition, brittle impact data from LDEF are used to create a space-based aluminium-to-quartz
scaling relationship.

In chapter 1, an overview of the Low Earth Orbit environment, recently retrieved brittle
material surfaces and previous fluxes decoded from space-exposed surfaces, is given as an
introduction to the work presented in this thesis.

1.1 The Near Earth Particulate Environment

The particulate environment encountered by a spacecraft in LEO is composed of natural and
man-made (space debris) particles. Natural particles are generally referred to as
interplanetary dust. Interplanetary dust covers a wide size range; 100 um particles and
smaller are called micrometeoroids (Leinert and Griin, 1990), those in the range 100 pum to
metre sizes are called meteoroids. A fraction of these survive entry into the Earth’s

atmosphere and their residues are, of course, meteorites. The size regime mainly considered
in this thesis is micrometeoroids.

In this section the following topics will be reviewed briefly:

o sources of LEO particulates,

¢ measurements made at different locations in the solar system,

e the meteoroid models derived from the data sources identified,

e the viewing geometry of the data sources used in this thesis, and
o the influence of space debris within the size regime of interest.

1.1.1 Sources of LEO particulates

Natural particulates in space have three main compositional components: cométary decay
products, asteroidal decay products and interstellar dust entering the solar system on
hyperbolic orbits. In addition, ejecta from impacts on planetary surfaces also form part of
the population. The cometary dust is probably ‘fluffy' (under-dense, i.e. density ~ 1 g cmr

2



*), being fragments (depleted of volatiles) of the dust and ice matrix thrown off a cometary
surface. The asteroidal particles are collisional fragmentation products and are more dense
(density ~ 2.5 g cm™). The encounter velocities (of gravitationally bound meteoroids) to the
LEO region can range (Taylor, 1995a) from 11 km s (defined by the escape velocity of the

Earth) up to ~72 km s (so producing impact velocities on LEO spacecraft of up to 80 km s
. A mean meteoroid encounter velocity is of order 20 km s™.

Meteoroids entering the LEO environment can generally be divided into two sources -
meteoroid streams and sporadic meteoroids. Streams are associated with comets. The
cometary decay mechanisms populate the region of space around the parent comet's orbit
with similarly orbiting meteoroids. Meteoroid streams are observed when the Earth's orbit
passes through the stream orbit and the meteoroids are sometimes observed entering the
Earth's atmosphere as ‘meteors’ (the meteors can be detected visibly as ‘shooting stars’, or
else by the reflection of radar pulses from the ionised meteor trail). Because the detection of
the meteors is highly velocity dependent, the apparent numbers seen do not necessarily
reflect the true ‘picture’ when it comes to impact damage on a spacecraft. McBride (1996)
showed that the annual meteoroid streams contribute at most 10% of the annual mean at F_,
= 1 mm. However, streams could be important if the exposure is such that the exposed time
i1s short (the instantaneous flux from particular streams can be higher than the annual mean)
and if the geometry of the spacecraft is such that the exposed surface is perpendicular to the
stream 1mpact direction. Sporadic meteoroids are those which are not associated with
streams. ‘These can be from cometary origin, or from asteroidal origin. The cometary

particles may have dynamically evolved such that their orbits are no longer associated with
their parent comets (so becoming ‘sporadic’).

Asteroidal collisional fragments contribute to the sporadic dust environment. The Poynting-
Robertson effect causes the particles to reduce their eccentricity and semi-major axes. The
particles are observed spiralling inward towards the Sun (due to the deceleration applied by
radiation), so intersecting the Earth’s orbit with relatively low encounter speeds. Collisional
processes can also occur between fragments. This is particularly important near the Sun
where the spatial density is relatively high. Sub-micron grains are accelerated along the
radial vector away from the Sun by the solar radiation pressure. These accelerated fragments
are detected at the Earth and are designated 3 meteoroids.

In addition, interstellar dust passes through the solar system. Identification of small (sub
micron) particles beyond 2 AU was made by the plasma dust detector aboard the Galileo and

Ulysses spacecraft (Baghul et al., 1995; Griin et al., 1993). Larger hyperbolic particles have
also been detected at Earth by meteor radar methods (Taylor et al., 1996a).



The composition of space debris is, of course, directly related to the material placed in orbit.
Matenals such as steel alloys, titanium, aluminium alloys, rocket motor fuel particles, and
coolant from nuclear reactors have all been identified in LEO. Each piece of space debris in
orbit 1s a possible source of more space debris as the result of a hypervelocity impact and

fragmentation and/or production of ejecta. The peak in the 22 year solar cycle acts to
increase the mean altitude (and thus density at a particular altitude) of the atmosphere. Space

debris 1s then brought under an increasing influence of atmospheric air drag, which depletes
the population. Explosions of upper stages and satellite bodies are, perhaps, the most
‘destructive’ in terms of creating large volumes of space debris. A recent review of the space

debris problem is provided by Griffiths (1997).

1.1.2 Impact flux data

Models of the interplanetary dust are derived from fits to impact flux data. They are derived
from a range of sources, classified by their distance from the Sun and their position with
respect to the Earth's (and Lunar) gravitational well. Time-resolved impact detectors on
spacecraft enable impact measurements which cover more than one of these regions (not
including lunar micro-craters) to be separated into the following groups:

1. Lunar microcrater counts. The fluxes were determined by calculating the impactor
properties from the pits on lunar material. (The impact formula was a function of crater
diameter and projectile mass, from Hoérz et al., 1975). However, the difficulty in

determining the exposure age of the sample meant that the data were cross checked against

fluxes obtained at 1 AU from spacecraft measurements. The influence of secondary craters
was also 1dentified, when compared with these other fluxes, and was accounted for.

ii. LEO orbit detectors. LEO detectors are exposed to the impacts of meteoroids that have
fallen into the Earth's gravitational well. The flux is enhanced by the presence of space
debris. The relative proportion of space debris to meteoroids is a function of altitude, size
and other exposure factors. Residue analysis and orbit modelling of the spacecraft, with
respect to the orbital debris and the interplanetary dust populations, may be the only way to
deconvolve impact measurements into the two categories.

iii. Detectors at 1 AU (no gravitational enhancement). Detectors which are away from the

Earth's gravitational well will not have Earth shielding, or gravitational focusing factors
acting upon the impacting dust. Missions such as Pioneer 8, 9, Helios, HEOS sampled the 1
AU environment. Deep space missions may also sample the 1 AU region at some point on
their trajectories.

1v. Radar and visual observations of meteors in the atmosphere. The detection threshold of
meteors 1n the atmosphere is strongly dependent on velocity (a dependence of approximately

- d 1 I;



v*; N. McBride, personal communication). Many major showers are caused by streams

which have high relative impact velocities (making them easier to observe). Meteor
measurements generally sample particles about 1 mm and above.

v. Detectors not at 1 AU (eccentric orbits and deep space missions). For some deep space
missions, interplanetary dust data have been collected (Pioneer 10, 11, HEOS), although for

the purposes of this study, the measurements made at 1 AU are more important.

Brittle materials (the primary topic of this thesis) have been used for studies of the 1 AU
population. Small craters are easier to detect on brittle materials compared with ductile
materials as the impact features are larger for defined 1impactor parameters. Lunar rocks and
the Mercury, Gemini, Apollo and Skylab windows all have provided data on the impact flux
in several of the regions described above. However, the detectors are not time-resolved. A
review of the data from the Pioneer missions, lunar microfluxes, Mercury, Gemini, Apollo
and Skylab windows and the Helios and HEOS missions is provided by Leinert and Griin
(1990).

1.1.3 Flux models

The Griin flux model (Griin et al., 1985) is a model of meteoroid flux versus meteoroid
mass, and is derived from (i) lunar flux measurements, (ii) spacecraft measurements and,
(111) radar meteors. The final flux values are presented for a spinning flat plate detector at 1
AU. The model fluxes cannot be applied to LEO without consideration of the gravitational
flux enhancement. As the flux is an annual mean value, and derived with respect to a
spinning plate, the fluxes are assumed to be ‘isotropic’, i.e. randomised in direction.

Application of these isotropic fluxes is applicable if viewing directions of detectors are
reasonably randomised (see below).

Another recent interplanctary meteoroid model is from Divine (1993). This model
incorporates data from deep space missions in an attempt to derive a global model applicable
throughout the inner solar system. The results incorporate (and thus agree with) the Griin
flux model and so, for the purposes of this study, the Griin flux 1s used.

The Kessler space debris model, published in 1989, defines the impact flux as a function of
flux versus diameter for space debris, convolved with a collision velocity distribution as a
function of orbital inclination (Kessler et al., 1989). The model has recently been updated,
using impacts from the LDEF spacecraft and other sources (Kessler et al.,, 1996). A
detailed review and analysis of the Kessler 1996 model is provided in Griffiths (1997).

1.1.4 Viewing geometries and histories

The satellite data used in this thesis comprise surface impact data from LDEF and solar array
data from HST and EURECA. It is important to understand the different viewing geometries
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Sun LDEF EuReCa
Earth pointing Sun pointing
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Figure 1-1. A comparison of the impact geometries of stream meteoroids and space
debris, to LDEF and EURECA. Due to LDEF being Earth-pointing, and EURECA
being Sun pointing, the time integrated exposure to the faces of the

spacecraft appear very different when considered in the heliocentric frame.



of these missions with respect to meteoroids and space debris. The different viewing
geometries of the EURECA (and also the similar HST arrays) and the LDEF spacecraft are
shown schematically in Figure 1-1 (taken from McBride et al., 1996) where exposures with
respect to geocentric rather than heliocentric frames of reference make the impact history
significantly different.

LDEF was a gravity gradient stabilised spacecraft such that its orientation with respect to
Earth was fixed. It maintained “cardinal' faces North, South, East and West where East was
the ram direction (orbital velocity vector) and West was therefore the wake. The East face
could ‘sweep up’ up micron-sized orbital debris, resulting in fluxes being considerably
higher (in the debris regime) than on the West face. However, Kessler et al. (1996) has
proposed that the West face may be accessible by debris in eccentric orbits. The Space face
of LDEF was not Earth shielded and, due to its orientation, was not exposed to orbital debris
in circular orbits. A contribution to the Space face by debris in a highly eccentric orbit has
been proposed by the same author. In addition, the Space face pointing vector would revolve
over the period of one orbit, so presenting an exposure which was essentially a spinning flat
plate (when time averaged). This factor, combined with the absence of Earth shielding and
space debris impacts, makes LDEF's Space face an ideal meteoroid detector.

In comparison, the EURECA spacecraft had solar arrays which were generally Sun-
pointing. The spacecraft was fixed with respect to the arrays, resulting in the sides of
EURECA broadly maintaining *Sun-pointing' and “Earth-apex-pointing’ orientations. This
means that, over the period of one orbit, the faces of the solar arrays would get a time
varying space debris flux, and also would have a time-varying Earth shielding. However,
the orientation of meteoroid impacts with respect to heliocentric space was fixed, and so any
anisotropies in the local meteoroid environment may have a more obvious effect on the
EURECA faces, when compared with LDEF. The Hubble Space Telescope exposure is
broadly similar but complicated by pointing constraints, shielding from the telescope body
and secondaries onto the solar arrays resulting from impacts onto the main spacecraft. The
telescope body motion will be randomised over time, providing a different averaged level of
shielding to the sun-pointing HST solar arrays than that expenienced by the EURECA arrays.

1.1.5 Space debris

As stated above, the Space face of LDEF represents a very good meteoroid detector. The
other faces (particularly the East face) did receive a significant additional exposure to space
debris particles. Figure 1-2 (McBride and Taylor, 1997) shows the flux data from the Space
face and the *5-point mean' of the Space, East, West, South and North faces. Also shown 18
the result predicted by the application of a meteoroid model using the Griin flux values,
incorporating LDEF's orientation history and a full meteoroid velocity distribution (McBride
et al., 1996). It is clear that the impact flux to the space face 1s well accounted for by
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meteoroids only, whereas, when including the other faces, the effect of debris becomes
apparent at F__ < 30 pum. This result is also investigated in detail by McDonnell et al.
(1997) who showed that at small sizes (F,... ~ 5 tm) meteoroids contributed only 18*° ( % of

the flux, but that at F___ > 30 um the meteoroids dominate (at least up to F__, ~ centimetre
scale).

1.1.6 Summary

For the Low Earth Orbit environment, it has been shown that meteoroids are important in the
> 10 um diameter particle regime, with space debris being significant below this size (and
indeed at greater than centimetre sizes). The exposure history of LDEF faces (particularly the
Space face) results in a good meteoroid detector. The large area-time product offered by
solar arrays potentially offers an excellent meteoroid and debris detector up to centimetre
sizes. However, for direct comparison with the aluminium F_,, fluxes, a conversion factor,
or an equation for the glass damage impact regime, is needed. Once the solar array fluxes
have been decoded, via use of brittle material damage equations, it is desirable to compare
the results with the ductile material impact data set taken from dedicated instruments (e.g.
EURECA TiCCE) and spacecraft structures (LDEF). A summary of the space-exposed data
sources used in this thesis is given in Table 1-1.

Table 1-1. Relevant parameters of comparable space data sources used in this thesis

Data source Epoch | Alt. (km) | Incl. (9

Thin foils 8/92 - 6/93 502 28.5 45° between Sun
TiICCE
0 28.5

and Earth apex
directions
LLDEF Thin foils 4/84 - 1/90 47
and semi-

Gravity gradient
infinite metal

stabilised
EURECA solar | Solarcells | 8/92-6/93
arrays
HST solar array 4/90 - 12/93
wing

1.2 Post-Flight Analysis of the Solar Arrays

The initial post flight analyses (PFAs) of EURECA’s exposed surfaces and the retrieved
solar array wing from HST were performed with support from PPARC, and later, under
ESA contract (Unispace Kent et al., 1994 and Space Applications Services et al., 199J).
The primary output of the analyses was a photographic catalogue of impact sites from which
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measurements could be made. A second stage contract, ‘Meteoroid and Debris: Flux and
Ejecta Models’, led by Unispace Kent, of which the author is a team member, 15 re-analysing
the results of the PFA to provide a higher level of understanding and definition for
engineering purposes. The contract is due for completion mid-1998.
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Figure 1-3. The EURECA spacecraft configuration and spacecraft axes
definition. All the components identified have been analysed for impact sites.
In this thesis, a summary of the results from the impacts onto solar cells is
presented. Note the numbering system for the arrays, where F6 and F1 are
closest to the spacecraft body (1.e. most likely to be shielded, and to receive
secondary ejecta from impacts onto the main body) and F10 and FS are furthest
away. Impact data from F7 1s used in this thesis. The grey areas represent the
areas scanned to a higher resolution and include the f1 swaths from the solar
arrays. Image adapted from Unispace Kent et al., 1994,
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EURECA 1s ESA’s platform for microgravity experiments and made its first flight in
1992/93, launched and retrieved by the space shuttle. Figure 1-3 shows the spacecraft
configuration and the location of TiCCE (TImeband Capture Cell Experiment), a non-time
resolved, dedicated 1mpact instrument. There was no movement of the spacecraft relative to
the solar array wings, therefore the shielding of the solar arrays remained constant. One of
the Hubble Space Telescope (HST) solar arrays (see Figure 1-4) was returned to Earth after
the HST servicing and repair mission, STS-61. The solar arrays were Sun-pointing but,
unlike EURECA, HST can rotate 360° about an axis perpendicular to the plane of the solar
panels to track astronomical objects. Therefore, variable shielding of the solar arrays by the
telescope body was present during the mission.

A schematic of the HST and EURECA solar cells are given in Figure 1-5. Note that the
HST cell is approximately 30 times thinner than the EURECA solar cell. Unlike the
EURECA PFA, the HST PFA recorded a large number of impacts on the rear surface which
also produced visible features on the glass (front) surface. These impact sites had a
significantly different morphology to the impacts onto the front glass surface and have
recently been calibrated against impacts in the laboratory (Herbert et al., 1997).

Scanning of both the EURECA solar array wings and the HST SPA wing was performed at
two levels of resolution to make the most of the limited man-hours available. In one survey
(“catch-all” survey), small areas were scanned in detail with every crater visible to the naked
eye being located and photographed. In the other survey (main survey) a cut-off size was
decided upon such that all craters above this size limit over the entire surface could be located
and imaged. This means that the flux of impacts measured down to this size limit is reliable.
Table 1-2 gives the number of impacts found in each survey above this threshold and the
number found in the catch-all scans. In addition, the smallest feature measured in the full
survey is recorded in Table 1-2.

The morphology of the impact sites can be divided into two categories: semi-infinite
response, and finite response. At the time of writing, the classifications of the impact sites
noted during the PFA (Unispace Kent et al., 1994 and Space Applications Services et al.,
1995) have been advanced by Herbert and McDonnell (1997) who note that there are 6
morphological classes covering different (overlapping) impact site size regimes. These
classes may be evidence of different impactor parameters. The key features of solar cell
craters (common to themmajority of impact classes) as identified by the PFAs are shown In
Figure 1-6 with a schematic of the measurements made. The definition of D, and D,,, as
based on morphology, vary between classes. The main features are listed here:-

e Central pit, diameter D . This is believed to be formed early in the impact process in a
similar way to hypervelocity craters<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>