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ABSTRACT

Al-foam is a promising shielding material in the
structural design of manned spacecrafts and datelh
the future. An Al-foam Stuffed Whipple Shield was
presented under the concept of light-weight shield
structure. Three different configurations were [sgul
with nearly the same total bumper areal densityeg&h
porosities of Al-foam plate were adopted for each
configuration with varying thicknesses to keep shene
areal density. Hypervelocity impact tests were
performed using two-stage light gas gun at 2kmt an
4km/s. The Al-foam Stuffed Whipple Shields have
better performances than the equivalent AluminuateP|
Stuffed Whipple Shield and the Whipple Shield & th
velocities tested. And Al-foam of higher porosity
stuffed can provide better shield performance for t
same configuration at a less significant level.

1. INTRODUCTION

All spacecraft in low earth orbit are subject te tisk of
hypervelocity impact by meteoroids and space debris
These impacts can damage flight-critical systentschv
can in turn lead to catastrophic failure of thecggaaft.
The use of a shield can significantly decrease the
probability of a catastrophic failure. The Whip@kield
was the first configuration developed to protect
spacecraft against meteoroids and orbital debris.
Considerable advances have been made
development of constructive schemes based on #z id
of a Whipple Shield at the present time. The

densities of the bumpers, and the former yields a
secondary debris cloud constituting fragments ialkEn
sizes at lower velocities. The Enhanced Space Bebri
Shields Technology Program funded by European Space
Agency carried out experiments of hypervelocity &oip

on shields containing aluminum-foam bumpers, whose
results indicate that the by-layered Al-foam orféé&m
sandwiched configurations have outstanding capiisili

to induce multiple shocks to the projectile in the
completely velocity range [3-5]. The tests showked t
multiple shocking process capable to completelyt mel
the impacting projectile both at about 6 and abtut
km/s, and quite a good deal of melting was observed
also at velocities as low as 2.6 km/s [3]. It wésoa
reported in [3] that Al-foam can cause a strongalad
dispersion of the secondary debris cloud, which
coincide with the results of numerical simulatiom$6].

As a result, Al-foam is a promising shielding matein

the structural design of manned spacecrafts and
satellites in the future.

However, the good performances of by-layered Akfoa
sandwich was obtained for rather thick foam layeith

a significant mass penalty with reference to a \leip
Shield configuration with Nextel stuffing [3]. Irraer to
investigate the performance of light-weight shield
structure containing thin Al-foam, an Al-foam Sedf
Whipple Shield was presented in this article and

in the hypervelocity impact experiments were performedgisi

two-stage light gas gun. The damages of the Al-foam
stuffed and the rear wall were examined thoroughly

performances of these shields developed are always after impact and compared to each other to evaluate the

compared with that of a Whipple Shield to have rthei
capability evaluated against hypervelocity impact.

In spite of these advances, attempts continue todue

to find a structure and material for the bumpet thid
provide better fragmentation of the projectile. A
possible solution can be the use of bumpers with
inhomogeneous structures. It was reported in [&} th
bumpers made from high-porosity copper with a dgnsi
from 2.2 to 4.0 g/cthdisrupt a steel projectile better
than duralumin bumpers of the same mass for impact
velocities from 3 to 5 km/s. It was shown in [2htha
double-layer bumper made of high-porosity copper/
duralumin fragments a spherical steel projectiléeboe
than a duralumin bumper at the impact velocities in
range from 3 to 5 km/s at the same thickness agal ar
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shield performance of different configurations ahd
influence of Al-foam porosities as well. All resuilivere
also compared with those of the classic Whipplel8hi
and the equivalent solid aluminum plate stuffed
Whipple Shield with the same areal density to stiosv
better performance of the Al-foam Stuffed Whipple
Shield structure presented.

2. HYPERVELOCITY IMPACT TEST SCHEME

21 Test Facility

The tests were performed at the non-powder twoestag
light gas guns of the Harbin Institute of Technglog
(HIT), which can accelerate a projectile up to 7&na's
shown in Fig. 1. The gun comprises three parts,
including projectile launch, velocity measure, aajet



chamber. The pump tube caliber is 57mm, and the
launch tube calibers are 5.4mm, 7.6mm, 12.7mm and
14.5mm respectively. The drive gases of the fired a
second stage are nitrogen and hydrogen respectively
The projectile velocities can be measured by magnet
induction and/or laser beam cutoff instruments.tTes
specimens are fixed in the vacuumed target chamber
which simulates space environments.
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2.2.
Three Al-foam Stuffed Whipple Shield configurations

Shield Configurations

were proposed with nearly the same total bumpeal are

density of 0.55 g/cfy as shown in Fig. 2. The total
shield space was 100mm. The base material of tine fo
used was Al-Si alloy ZL102 (AlSil12). The porosit§ o
the Al-foam plate was made to be 50%, 60% and 70%
respectively but varying in thickness to keep a esam
total bumper areal density. The foam has opervatl
average hole diameter being 1mm. The three shield
configurations used the same 5A06 aluminum alley re
wall of 2mm in thickness. The Al-foams stuffed in
Shields A and B possess the same area densitatasfth

a 1mm thick solid 2A12 aluminum alloy plate. The Al
foam stuffed in Shield C has the areal density of a
1.5mm thick solid 2A12 aluminum plate. Thus thesthr
shield configurations have the same total bumpealar
density as that of a 2mm thick solid 2A12 aluminum
plate.

For comparison purpose, two Aluminum Plate Stuffed
Whipple Shield configurations were also presentét w
the same total bumper areal density as that ofAthe
foam Stuffed Whipple Shield, which are shown in.RBg

Al-foam Al-foam Al-foam
1mm 2A12 2mm 5A06 0.5mm 2A12 2mm 5A06 0.5mm 2A12 l 2mm 5A06
50mm
| 100mm | | | 10 |
I* *l g ) L
Shield A Shield B Shield C
Figure 2. Al-foam Stuffed Whipple Shield configurations
1mm 2A12 2mm 5A06 1.5mm 2A12
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> ——>
| 100mm | | 100mm |
I | I g
Shield D Shield E

Figure 3. Aluminum Plate Stuffed Whipple Shield configurations



3. TEST RESULTSAND ANALYSES

The projectile launched was 2017 aluminum sphere
with its diameter fixed to be 3.97mm. And the impac
velocity was chosen to be 2km/s and 4km/s, i.eovbel
and above the projectile fragmentation speed
respectively. The relative error of launch velooitgs
within 5%, and the incident angle was 0 degree.t€he

results for Shields A-E are listed in Tab. 1, wharest
result of Whipple Shield is also listed for compan.
The Whipple Shield had a 2A12 aluminum alloy
bumper of 2mm in thickness with other conditions th
same as those of Shields A-E. Typical photos of
specimen after impact are shown in Fig. 4.

Table 1. Test results for the shield configurations proposed

Test No. | Impact d'a:?alt?ar of Al-foam bumper Damage of rear wall| Total bumper
. . 1 .
for ih'eld v;eklocllty first bumper | Porosity Thickness Hole size Hole size | Number are/al/ dne?nsny
mis /mm 1% /mm /mm /mm of bulges gic
ZH-02 2.05 54 50 2.1 8x9 5.5x4.3 4 small 0.55525
ZH-14 1.999 5.26 60 2.6 6x8 @5mm 4 tiny 0.5526
ZH-18 2.042 5.3 70 3.3 12x9 5.4x4mm 6 small 0.5393
ZH-01 4.08 6.8 50 2.1 33%x28 - tidy 0.55525
ZH-03 4.02 6.6 60 2.6 35%26 - tihy 0.5526
ZH-04 4.04 6.6 70 3.3 45x41 - tidy 0.53935
Hole Intermediate bumper Damage of rear wall
Test No. | Impact diameter of Hole Al-foam bumper Total bumper
for Shield | velocity first bumper diameter P v | Thick Hole Hole size | Number | areal density
B /km/s mm of front o/rOSS| y ;C NESS| size /mm of bulges Iglen?
plate/mm ? mm /mm
ZH2-11 2.026 4.68 5.92 50 2.1 8x8 5.86x5.38 3 0.55525
ZH2-12 2.026 4.74 6.12 60 2.6 8x§ 5.18x4.44 2 0.5526
ZH2-10 2.1568 4.82 6.10 70 3.3 7x8  @5.54 6 0.53935
ZH2-38 4.093 5.68 12.66 50 21 | @24 - 16small 0.55525
ZH2-36 4.062 5.66 22x18 70 3.3 40x50 - srall 0.53935
Hole
. Al-foam bumper Damage of rear wall
for Shield | veloaiy | diameterof | TR IR > real denaty
C Km/s first bumper| Porosity Thickness Hole size Hole size | Number Ja/cn?
/mm 1% /mm /mm /mm of bulges 9
ZH2-09 2.0156 4.74 50 3.1 8x9 4.76x5.32 - 0.54925
ZH2-08 2.0056 4.76 60 3.9 6x8 4.06x4.68 6 tin 50%
ZH2-06 2.057 4.76 70 5 7%8 3.74x5.44 4 small 0.536
ZH2-40 4.0805 5.64 50 3.1 20%26 - small 0.54925
1 big,
ZH2-39 3.98 5.58 60 3.9 22x20 - 9 small 0.5519
ZH2-38 4.0065 5.62 70 5 17x11 - shall 0.536
Hole
TestNo. | Impact diameter of Hole diameter of intermediate bumper Damage of rear wall | Total bump_er
for Shield | velocity | _ areal density
first bumper mm Hole size | Number
D /km/s lglcnt
/mm /mm of bulges
ZH2-07 2.04 5.44 6.38 5.06x4.52 10 0.554
ZH-17 4.03 6.7 13 - 22 0.554
Hole
Test No. | Impact . : : : Damage of rear wall | Total bumper
for Shield | velocity f?rlsé,ltngitr?]r c(;fr Hole diameter c;l;nlmermedlate bumper . areal density
E /km/s p Hole size | Number Iglcn?
mm /mm of bulges
ZH2-03 2.026 4.76 6.4 5.66%x4.92 4 0.554
ZH2-34 3.95 5.50 9 @2.94 28 0.554
Whipple ) 1x3, 1x2 | 76(inclu-
Shield | #0128 8.4 @3 spalls) | dingbig) | %-2%%

3.1

At the velocity of about 2km/s, it can be seen froab.
1 that all rear walls were perforated for Shield€ A

Performance of different configurations which indicate that the projectile is not fully grmented
at this velocity just as for the Whipple Shield.ttfe
average size of holes in rear walls is considexad f

different porosities of individual Shield A-C, thércan



be concluded that Shield C has the best shield
performance among Shields A-E since it has the
smallest hole perforated. But not all three Al-foam
Stuffed Whipple Shield configurations A-C have bett
performance than the Aluminum Plate Stuffed Whipple
Shields at this velocity. Shield C also has the llesia
hole perforated through the Al-foam stuffed in &ige
A-C, which implies that the thicker Al-foam stuffed
might help to decelerate the projectile in intaittiss
more effectively than thinner ones as well as sélid
plate stuffed since it can induce more multipleckisato

the projectile.

Perforation of the
first bumper

Perforation of the
Al-foam

Craters of the rear wall ~ Bulges of the rear wall

Figure 4. Test results of No. ZH2-39

At the velocity of about 4km/s, it can be seen froatp.

1 that all rear walls were not perforated for Skseh-D,
which indicate that the projectile is fully fragmed at
this velocity just as for the Whipple Shield. SHidt
and the Whipple Shield failed, so they are not @sdg
as Shields A-D at this velocity. All three Al-foam
Stuffed Whipple Shield configurations A-C have bett
performance than Aluminum Plate Stuffed Whipple
Shield D, different from the result at the spee@laf/s,
from comparison of average number and rough size of
bulges on the back of rear wall which reflect iedity
the damage severity of rear wall. Thus it is inglibat
the multiple shocking effect produced by Al-foam is
more effective on small impacters than big onesngw
to the projectile’s fragmentation or not, from the
comparison of overall performance at between tieedp
of 2km/s and 4km/s for different shield types. Ahdre
should exist a rational range of ratio between ictgra
diameter and Al-foam average cell-wall width foeth
foam to have its multiple shocking capability fully
worked. Shield A has the best performance among
Shields A-C since it has the least and smallegdsubn
rear wall. And Shield A has the largest hole pextied
through the Al-foam stuffed in Shields A-C, just thre

contrary of that at the speed of 2km/s, which sagge
that the stronger radially dispersed debris cloattigd

by the thicker first bumper in this configuratiomtg
even stronger after perforating through the Al-foam
stuffed, though not as thick as that in Shield i@st
causing the weakest damage on the rear wall. Hris c
be explained to be that the multiple shocking effec
Al-foam is more effective on the stronger radially
dispersed debris cloud, in which more particles of
smaller sizes are possible to exist so as to faiglithe
multiple shocking effect. Thus a properly balanced
combination of the first Al-plate and the Al-foam
stuffed is expected to provide good shield perforoea
at higher velocities, and this needs further expenial
justification.

It should be noticed that there is no obvious evigeof
projectile melting even at the velocity of 4km/g il
three Al-foam Stuffed Whipple Shield configurations
This is because that the Al-foam plates adoptechate
thick enough to induce sufficient multiple shocls t
melt the projectile, unlike the results in [3].

From above analyses it can be seen that the peafaren

of shields containing Al-foam as a stuff are complicated.
But the Al-foam Stuffed Whipple Shield configurati
proposed do have better performances in an overall
point of view than the Aluminum Plate Stuffed WHipp
Shield and the Whipple Shield as well at the veilesi
tested.

3.2.

At the velocity of about 2km/s, it can be seen froatp.

1 that the hole sizes of rear wall are very clasedch
other for the three porosities in each individuafdam
Stuffed Whipple Shield A-C. It is hard to tell whic
porosity of Al-foam stuffed can help provide thesbe
shield performance because the projectile is nby fu
fragmented and the Al-foam plates stuffed are not thick
enough to load sufficient multiple shocks on the
projectile in intact status to produce any notable
differences. Thus it could be said that each shield
configuration has the same performance for theethre
porosities of Al-foam stuffed at this velocity ihe
experimental measurement errors are considered.

Influence of Al-foam por osities

At the velocity of about 4km/s, it can be seen froab.

1 that the Al-foam stuffed with the highest porgp<f
70%, among the three porosities used, can helggeov
the best shield performance for each individuafosim
Stuffed Whipple Shield A-C since it causes thetleasl
smallest bulges on rear wall, though the differsnoet

as significant as those yielded from different khie
configurations. This also suggest that the thickér
foam stuffed, higher in porosity implied under same
areal density, can help provide the better shield
performance for the same configuration at this ciglo



due to it can load more multiple shocking on the
particles in the debris cloud than thinner ones Biat.
there should exists a critical highest value of the
porosity to help provide the best shield perforneadae
to the existence of rational range of ratio between
impacter diameter and Al-foam average cell-wall width.

As a result, the Al-foam stuffed with the highest
porosity of 70%, among the three porosities used, ¢
provide the best shield performance in an ovemailhtp

of view for each individual Al-foam Stuffed Whipple
Shield at the velocities tested. And the higher the
porosity is within the critical value, the better
performance can be expected.

4. CONCLUSION

The performances of shields containing Al-foam as a
stuff against hypervelocity impact are complicatedt
some rules can be found and explained basicallthen
multiple shocking mechanism of Al-foam stuffed.

At the velocity of 2km/s, the projectile would nbée
fragmented by the first Al-bumper, thus only the
properly designed Al-foam Stuffed Whipple Shield
configuration, the thicker Al-foam plate expected, can
provide better performance than the Aluminum Plate
Stuffed Whipple Shield with all the other conditiothe
same. The porosity of Al-foam stuffed seems to have
not any influence on the performance of differemt A
foam Stuffed Whipple Shield configurations at this
velocity.

At the velocity of 4km/s, the projectile would be
fragmented completely by the first Al-bumper, tralks
three Al-foam Stuffed Whipple Shield configurations
can provide better performance than the Aluminum
Plate Stuffed Whipple Shield as well as the Whipple
Shield. The shield configuration stuffing Al-foanafe

of higher porosity, thicker in width implied undsame
areal density, can provide better shield perforreanc
than those of lower porosity at this velocity, ateas
significant level than those yielded from differetield
configurations.

The differences of performances between the thiee A
foam Stuffed Whipple Shield configurations proposed
are limited due to it is thin Al-foam plates thata
stuffed in the shields, under the concept of ligkight
shield structure, and they can not induce enough
multiple shocks on the projectile to yield any st
differences.
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