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ABSTRACT

The DebriSat programonsisted of 3 hypervelocity impact tests conducted in 2 Torr of air with 7 &8Us
g aluminum projectils. In the first test, PrBreshot, the target consisted of multiple layers of fiberglass, stainless
steel and Kevlar fabric. No soft catch foam wased. The subsequent two tests, DebrisLV and DebriSat, were
designed to simulate hypervelocity impacts with a launch vehicle upper stage and a modern LEO satellite, respectively.
The interior of the chamber was lined with soft catch foam to trap lugftagments. In all three tests, witness plates
were placed near the target to sample impact debris and determine its reflectance, composition and spectral properties.
Reflectance measurements are important for calculating the size of orbital hyp&nsaipect fragments.

The debris from the Pfereshot test consisted of a twphase mixture formed from solidified molten silicate
and steel droplets. I ndividual droplets ranged from 1
95% b 20-30% as a result of the debris. Debris collected on witness plates in the DebrisLV and DebriSat tests
consi st ed -sized selidified nooltem metallic droplets in a matrix of condensed vaporized soft catch.
Disordered graphitic carbon was atdetected. The reflectance of deln/ered witness plates dropped from 95%
to 5%. The dramatic decrease in reflectance for hypervelocity impact debris is attributed to the effect of scattering
from em to nm sized sol i dihd presehce ofgtaphiéicncarlboe, wiaeh orgacics dre o p | et
present. The presence of soft catch in the later tests and the high organic content with graphitic carbon in the debris
appear to be responsible for this much lowerpesit reflectance. Understandindpibal debris reflectance is critical
for estimating size and determining debris detectability.

1. INTRODUCTION

The size of debris tracked by the U. S. Space Surveillance Network is determined by radar cross section
(RCS) However, the lowesizelimits of objects thacan be tracked and their simderred by RCS aren the order
of 10 cm for LEO and 1 m in GEO [1T he primary causes of orbital debris breakups are explosions and impacts.
order to obtain data on the physical properties of impact generated fragments smaller than 10 cm a series of laboratory
based impact experiments were conducted by NASA and the Department of (jEfeD3én theearly 1990s.The
Satellite OrbitalDebris Claracterization Impact Test 4 (SOCH) [2-5] involved a Navy Transit satellite bus and
produced the dataset that was used to develop the current NASA/DoD satellite breakup[@hodel2007 China
successfully tested an antisatellite weapon on thd EWeather satellite and 009 there was a collision between
the Iridium 33 and Cosmos 2251 satellites. The cuN&8A breakup model walativelysuccessful in predicting
the impact debrisragmentsof Cosnos 2251, which was an oldsatellite It wassignificantly less effective in
describing the impact fragment distributions of-E& and Iridium 33, which are of much more recent construction
using materials not usdd Transit or Cosmos 225[ll]. As a result, ie DebriSat tests were conducted to drett
understand the distribution of fragments generated from a hypervelocity impact with a modern castitected
from current materialfL].

The DebriSat series of testqPre Preshot, Debrisv, and DebriSgt were a NASA program with
support/collaboration from the Air Force Space and Missile Systems Center, University of Florida/Aemtbspace
Corporation Tests were conducted 2014 innominally 2 Torr of air athe Arnold Engineering Development
Complex(AEDC) Range G TweStage Light Gas Gun Facilityhich utilizes a 3 m diameter vacuum chames].

All three tests used a 580 gra&6 cm diametexr 10.3 cm longhollow aluminum cylinder with a Nylon sleeve as
the projectile with a nominal velocity 6f8 km/sec[7]. For the DebrisV and DebriSat tests the chamber was lined
with specially r edesiwhichwdreuies w frap the impact lagmehts far size glistrib@tions
analysiq9].



A combination of radar and optical telescope photometryltigdeemised to determine theackable
orbital debris population. From extremely short arc optical observations of an object an angular velocity can be
obtained. Assuming a circular orbit trenge can be calculated, which combined with the apparent brightness and
solar phase function the object size can be calculated, if an albedo is assOm&bpversely if the object size can
be determird from its RCShe albedo can be calculateflssumptions about an objéstshape and composition
can affect RCS estimates and albedo variations within a population can introduce large random errors in albedo
calculations. To compensate for these errors a large number of observations are madeoimbtaierd
statistically significant sampling from which a more accurate estimate a¥eragalbedo can be obtained. A wide
range of albedos have been publisfiEd17] (Table 1) for a variety of orbital debris, some of which are
contradictory andountrintuitve. As a result of some of these studies
requiredo i aglobalabedo gatugl] whichu@iimately determines the lower size limit of an object
that can be determined from its RCS.

There idimited laboratoryevidence thaimpact debris have a thin coating of soot from the breakdown of
plastics in circuit boardgl1]. While there has been documentation of the size distribution of fragments generated
in the SOCITF4 test there has ba little to no description of the appearance of fragm@ay. The only mention
was that soot consisting of particles < 50 um was pre8gntarly measurements of the average albedo of satellite
debrisrangefrom 0.0420.196 for various fragmertian scenarios with a value 0f065 for hypervelocity impacts
(Table 1)[11]. It has also been ggested that the albedo of orbital debris may be used to determine the method of
breakup (explosion vs. impadt)1]. To address these issues we fielded witness plates in all three DebriSat
hypervelocity impact tesis order to collectnicroscopicdebris coatings aniw determine their physical
characteristicgparticle size distribution, @mistry and optical properties)his will help us better understand how
these coatings form anelt usobtaindirect albedaneasurements from hypervelocity impact defoiscomparison
with reported global values derived from radar cross section and apparent brightness.

Table 1. Smmary of Orbital Debris Albedo Estimates

Albedo Object(s) Cause Comments
Ref. [11] | 0.196 Ariane 3Ystage Unknown
0.103 Landsat 1 Propellant explosion
0.087 Cosmos 1275 Unknown
0.065 Solwind Hypervelocity impact
0.042 Landsat 3 Propellant explosion
Ref.[12] | 0.08 Global mean Global/undetermined
Ref. [13] | 0.01-0.18 13 satellites Undetermined IR photometry
Ref. [14] | 0.09 (median) 7 breakups Mixed
0.24 (median) Spot1/Viking Undetermined
Ref. [16] | 0.13 Fragmentation only Fragmentation only | global
Ref. [17] | 0.175 (0.185) Fragmentation only Fragmentation only | Global, reprocessed 2007 dat:
Ref. [10] | 0.145/0.209/0.275 Fragmentation only Fragmentation only | Mean / Average/ Bias correcte
0.095/0.142 Non-fragmentation | Non-fragmentation Mean, Average,

2. LABORATORY EXPERIMENTAL

For theDebrid V and DebriSat tests approximately twenty four 1 cm diameter aluminumg@imt scanning
electron microscop€SEM) stubswere inserted into the surface of the soft catch prior to théltasse in the DebriSat
tests had aheet of tantalum on the surface to help distinguish Al from the target/projectile from the SEM brib.
stubs were arranged both-tgnge and downange of the targets at four azimuthal locations. -Bss$tselected stubs
were examinedin a JEOL 7600F field emissioBEM equipped with an Oxford -Klax SDD energy dispersive
spectrometefEDS). Specimens were prepared for transmission electron microscopy (TEM) by wiping the surface of
witness plates with ultrearbon coated lacegarbon TEM gids. They were examined in a JEOL model 3100
TEM/STEM equipped with an OxfortNCA x-sight EDS. TEM imaging was performed at 300 kV in bright field
phase contrast mode.Raman spectroscopy of impact deposits was performed with a Renishaw inVia spectrometer
using a 514 nm Aion laser. Fourier transform infrared (FTIR) spectroscy2 5 avas)performed with a



Thermo Nicolet model 6700 spectrometer equipped with DRG® MCTA detectors. Qualitative liconical and
guantitativehemisphericalliffuse reflectance measurements were made with a Harrick Scientific Praying Mantis
accessory and a Labsphéded di amet er Au i nt e g lLabdpherednfragqidiae used,asthee spect i
background reference for both reflectance measuremdéntsigilent Technologies model 4100 Exoscan portable

FTIR was used to obtain situ diffuse reflectance spectra from the surfaces of various materials used to construct
DebrisLV and briSat prior to, and immediately after the t¢$&.

3. PRE PRESHOT TEST

In preparation for the DebriSdtypervelocity impact test a Piereshot was conducted to validate the
performance of thespecially designediluminum projectile to meet the velocity goal f km/s and confirm
operational status dfetest chamber and facility.The target was &X-scalemulti-shock shield supplied by NASA
that was designed foagment andatch the projectile. ltonsistedf seven bumpeshieldsconsisting of fiberglass
(E-glass, #12, 4, 5, stainless steel mesh (#3) and Kevlar, @6(Fig. 1) [L9]. The targetwas2.63 meters long and
weighed about 700 Ibs.The fiberglass bumpers wetenstructed fron22 layers of 26z /ft? FG-3784 satin weave
E-glass fabrigper bumper. The 304 stainless steel bumperomastructed fronseven sheets of 3®ainless steel
(SS) meshin contast to the DebriSatand Deliri¥¥ | mpact tests, no 0s dliematerialt ch A p
used to fabricate the target are not representative of those on satellites or launch vehicle upper stages and the fact that
it was designed to o6catcho the projectile implies it m

A witness plate assembly was provided by Aerospace in oraalléxt debris for laboratory analysis, to
identify materials produced by the impact andasure the albedo of debris (Fig. 20)he witness plate assembly
waslocated orthe side ofthe chamberbetween the '$ and 4" bumpershields(Fig. 3L). In the test the first four
bumper shields were perforatld the projectilethe fifth was partially perforated and the frame was dislocated from
the frame (Fig. B). The sixth shield (Kevlar) was deforthbut wasstill intact [L9]. We were not able to examine
theremains of theéarget and debris in the chamber after the test. The wittegesassembly wasigiped to Aerospace
for analysis.

Exposed surfaced the witness plate assembly wemvered with a matte gray coating and fine defftig.
2R). Larger depositteended to beoncentrated toward the down range side of the piEte. witness coupons located
under the Whipple plates were relatively clean and uncoated compared to thdsevereiaincovered (Fig. 4). This
implies a highly directional nature to the impact deposits. Some of the material consists of loosetmitaoe
sized solidified molten droplets of #iRe-Cr-Ni)-rich phaseand an oxidksilicatephasg(Fig 5L). The garface can be
seen to be covered withma | | (< 1 em) sol i dreCriNg-dchphaskahddangerdiropbets (toet s o f
1 0 0 ) of theeoxidée'silicate(Fig. 5R). A loose flake of this material was potted in epoxy and sectioned and polished
(Fig. 6). The material collected on the witness plate formed a thin continuousalagetr 1620 ¢ nthick, solidified
from molten droplets othe two phases thatdve a complex intermixed flow structure. The material consists of a
crystalline(Fe-Cr-Ni)-rich phase and amorphous oxgicatephase$20].

The relative FeCr-Ni proportions in the(Fe-Cr-Ni)-rich phase are nosignificantly different from the
stainless steel bumper though it also contains significant amadmtsand Si[20] (Fig. 7) The Al and Si contents
are about equal in early arriving4-Ni while the later arriving F€r-Ni is Si rich and Al is low to absent. In the
later droplets there ig$s flow structure and individual droplets tend to retain their shape implying they were already
semisolidified when deposited. The oxide phases have a range of compositions. The early oxide phase, mixed with
(Fe-Cr-Ni)-rich phasen complex flow patternsis primarily Al-Ca oxide with no Si(Fig. 7). The flow structures
were produced by material which landed in a liquid form and then solidlfegdr oxidedroplets present othe
surface are larger (200¢ mand show less flow structure but somelgalsbles. Later oxide droplets have significant
Si and many have compositiosignilar to Eglass. The integrated (€8 -Si) composition of the early phases with the
complex flow patterns is significantly enriched in Al with respect-gldss implying muclof the Al (to 18%)came
from thealuminumprojectile. Aluminum has the lowest melting point of the starting matefiaésfirst three bumpers
that were perforated were fiberglass (1, 2) and stainless steel (3). Molten droplets consistirigy 6NFandAl-Ca
oxide may have condensed from a mixagorphase formed from the bumpers and the projectile. Si and Al from the
E-glass dissolved in the Feér-Ni leaving Al and Ca in an oxide phase. Additional Al came from the Al projectile. All
Simay have disswkd in the(Fe-Cr-Ni)-rich phase possibly leaving no Si for the @A oxide. These droplets arrived
first in a very fluid state and physically mixed and flowed together in complex patterns. The fourth and last bumper
to be perforated by the deceleratedjgetile was Eglass. Molten droplets from this bumper arrived latter and some



Image by AEDC
E-glass Steel E-glass Kevlar

Fig. 1. Pre Pighot targetvith seven bumper shield®ing loadednto the AEDC test chamber
Projectile entry was from left to right.

Fig.2. Pretest witness plate assembly consisting of two se
with stainless steel strips. One set of samples was fully exposed and the second set was protected under three steel
Whipple plates (kft). Winessplate assembly posest (Rght).



Witness Plates

Fig. 3. Pre Prsehot target hanging IAEDC vacuumchamber looking down rang@/itness plate assembly was
mounted orthe side ofthechamberfacing the targetLeft). Targeiposttest looking down rangeThe fifthbumper
shield is lying on the floor of the chamb@&ight). Images by AEDC.

Fig. 4. Posttest withess samples. Coupons protectettu Whippleplatesthreel 6 f used sandi ca wi nd
Kaptonmultilayer insulation fILI) (Left). Exposedcouponscenter window has been broken and coating has
flaked offlower hold-down stripandMLI (Right).

X 10,000

Fig. 5. Backscatter SEM image of loose solidified molten droptet®vedfrom the surface othe
witness plate by a tape lift eft). BackscatteBEM image of surface of witness plate showingéasolidified
molten droplet®f oxide/silicate and small droplets @fFe-Cr-Ni)-rich phasgRight).
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Fig. 6. Backscatter SEM images of polished cross seofisalidified debrisflake from thewitness plate. Bottom
of cross section was in contact with witness pldtke cross section preserves the time sequendepmsition.The
brightareas are éFe-Cr-Ni)-rich phasé the darkareas are a ACa oxide/silicate.
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significant Si and Al —Fﬁ-;ﬁ no Si
p——
375 | 376 | 377 | 378 | 379 | 380 | 381 | 382 | 383 | 384 | 385 | 386 E-Glass

0 56.19 | 59.88 | 60.02 | 61.11 | 61.70 | 60.28 | 3.51| 2.83| 2.75| 222| 3.83| 439] |65.3
Na 0.33 0.4
Mg 051 113 1.07 0.4
Al 27.13 | 27.81 | 2824 | 16.62 | 12.94 | 19.01 | 12.29 | 1463 | 219| 1.20 5.9
Si 1.02 12.77 | 13.74 | 10.86 | 11.53 | 9.96 | 27.19 | 25.71| 25.98 | 28.92 | | 19.4
Ca 10.48 | 12.31 | 11.74 | 8.67 | 1048 | 8.78 8.4
Cr 1.16 11.64 | 12.28 | 11.97 | 1447 | 13.73 | 13.01
Fe 4.01 53.60 | 49.74 | 46.72 | 47.92| 48.52| 47.63
Ni 0.00 744 | 1057 | 9.18| 848| 7.93| 6.06
Tot. | 100.| 100.| 100.| 100.| 100.| 100.| 1000 | 100.| 1200.| 100.| 100.| 100.] | 99:8

All values are atomic %

Fig. 7. EDS analyses gblidified molten depositsNumbers inop row of fible refer to analysis areas in image.

E-glass composition is given for referenc@dditional analyses presented in [20].

were less fluid and sholess flowstructure. Tharopet size was larger (1 0 0
consistent with Eglass. The later droplets shdittle to no mixing and the late F&r-Ni droplets retain their shape.

This implies they were cooler and partially solidified when deposited.
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There was a drop in FTIR reflectance frOM95%for unexposed surfacés 20-25%, for exposed
surfacesas a result of impagFig. 8L). The deposition on the witness plate assembly appears to be line of sight
sincethe underside of thé/hipple shield shoad much less of @hangg67-85%). FTIR spectral features from the

composit



deposited material are related to silicEt@80 cmt) and boraté1400 cm') from theE-glassbumpers that were
penetrateqFig. 8R) The silicate feature shifted as a result of a chamgemposition.

Fig. 8. Hemispherical FTIR reflectance speatfavitness plate surfaces (leftittenuated total reflectanderl IR
spectra of witness plate surface compare witlidss and borosilicate glass (right)

3. DEBRISLV TEST

The 15 kgDebrid V targetwas constructed from materials representative of a launch vehicle (LV) upper
stagg21]. It consistedf two tanks, the larger being constructed froib4aluminumand filled with 15 psi Xeand
the smaller from titaniumwhich was part ofa nutation control thrusteassembly and contained 65 psi H22].
Additional materials includedan external 606J4aluminum skin,304 stainless steel and copper longeratainless
steel tubing and twemall strapon aluminum tankéFig. 9). The impact chamber was lined with soft catch foam in
order to trap impact fragments for size distribution and trajectory angfysis 9 (Fig. 9L). Additional witness
plates were placed in the chamber in order to capture impact debris for analysisrtaine the cause of debris
darkening.Thewitness platassemblyFig. 10L)was similar to that in Prgreshot, but includedluminum and NacCl
disks in addition to fused silicandwas placed 3 meters up range from the tairgerder to not interfer with the
soft catch foam systefifrig. 10R). Twenty-four SEM stub witness plategere also placed on the surface of the soft
catch panelf23] (Fig. 9L).

The test was conducted April 1, 2014arge fragments were returned to Aerospace for examination while
the soft catch panels have been stored by the University of Flokftier. impact the majority of the Debti¥ main
tank remained in one piece and thterior was coated with a thin layeést100 um) of solidified molten material
consisting primarily of crystalline aluminufig. 11) The layer was loosely adhered and tended to flake off in large
pieces which are an unexpected source of untrackable orbital @hrsd. The surfacef the tankwas coated with
a thin dark deposit consisting of disordered graphitic carbon and solidified nano droplets of Al, Fe &ENCu.
witnessstubs, witnes plateasemblyand DebrikV fragments were black icolor and wergontaminated witke 1mm
soft catch foam fragment$-ig. 12). The majority of the SEM stubs were dislodged from the soft catch during the
impact. Those that remained intact were uprange of the target. Thet8iEdvalso had a thin film of condensed soft
catch vapobased on FTIR alyses of stubs that had loose soft catch fragments removed by rinsing with isopropyl
alcohol (Fig. B). The FTIR spectra of the stubs were very similar to condensate of soft catch heated® ih0®0
tube furnace. In high speed camera video it aisden that the high temperature plasma flash produced by the
impact completely fills the chamber contacting the soft caéh [ In contrast, the black deposits on the large tank
fragment showed little soft catch condensateeposits on SEM stubs amdtness plées are predominantly carbon
(Table2) and consist of agglomeratesrofcro to nanesizedcarbonaceous materialith a mosdike appearance that
wasderived from the soft catatirigs. 4, 15). Disordered graphitic carbon ésopresent basedn Raman spectra
(Fig. 13R) anddistortedtransmission electron microscope (TEMitice fringe imageéFig. 16R). Nano droplets of



