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Abstract

Two new typesof Gong-Hou shield, Al/M g shield and Ti/Al/Mg /nylon shield, were studied by using two-stage light
gasgun to verify Gong-Hou shield had larger protection capadty than Whipple shield in defeaing micro-meteaoid and
orbital delris (MM/OD). Threeimpad velocities (3.5 km/s, 4.5 km/s, and 6.5 km/s) were chosenfor Al/M g shield. For
Ti/Al/M g/nylon shield, experimerts were condwcted at 4.5 km/s ard 6.5 km/s. Petatlike perforations presetted in both
Al/Mg bumper ard Ti/Al/Mg/nylon bumper. The normalized perforation diametess for Al/Mg shield ard Ti/Al/Mg/nylon
shield were approximately 1.3 to 2.1 times of those for Whipple shield. There were only 20-25 caters with diameter
larger than 2 mmin Gong-Hou shield at 4.5 km/s, while more than 60 preseredin Whipple shield. The critical diameters
of aluminum spherical projediles for Al/Mg shield were 5.0 mm, 5.5 mm, ard 6.0 mm at impad velocities of 3.5 knv/s,
4.5 km/s, and 6.5 km/s, resgedively. Those for Ti/Al/Mg/nylon shield were 4.8 mm at 4.5 km/s and 5.9 mm at 6.5 kn/s.
However, the maximum diametess of projediles that Whipple shield could defea were only 2.7 mm, 3.3 mmand 4.5 mm
at 3.5 km/s, 4.5 km/s and 6.5 km/s, resgedively. The maximum performance increase was85.2%, and the minimum was
31.1%.
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1. Introduction Since Gong-Hou shield was put forward and the

. o ) . performance was validated by Ti/Al/nylon shield,
Dersity-grade mateiial is a kind of composite

] ] ) i o reseaches on HVI charaderistics of dersity-grade
mateial which consists of different mateial in one

o ) mateials prevail among scientists in differert fields and
diredion. Hou et al.provedthat it performed betterthan

. . . . o for different purposes.Works dore by Huang, et al, Guo
aluminum alloy in withstanding hypervelocity impad

et al, Guo, et al.and Tamura et al.[10-13] were similar

to Hou et al.[2]. Huarg et al. used Fe;;Si;gB4/LY12 Al
dersity-grade mateiial asbumper in Whipple shield, but

(HVI) by numerical simulation and experimental
reseach [1,2]. Experimental resuts of Ti/Al/nylon-type
Gong-Hou shield (short for Ti/Al/nylon shield) which

. . i they kept the total thickness of bumper constant, nat the
comprised a Ti/Al/nylon dersity-grade bumper ard a

) . total ared dersity constant [10]. Althoughthe concept
routine aluminum alloy showed that the performance of
. ) they put forward approachedthe concept in Hou et al.[2],
Gong-Hou shield wasmore than 50% higher than that of _ ) )
. . . . their conclusion that Fe;;SijgB,/LY12 Al performed
Whipple shield [2]. This new concept shield performed
better than some erhanced shield such as Multi-Shock
shield, Honeycomb shield and Mesh-Double Bumper
shield [3-7]. It was comparable to StufedWhipple shield

and Metal Foam Core Sandvich shield in defeaing

better than aluminum alloy lacked of confiderce
becawse the ared dersity of 0.15 mm Fe;;SijgB4+2.85
mm LY12 Al was larger than 3.00 mm LY12 Al
However, work dore by Tanura, et al. [11] was much

) ) more convincing than Huang, et al.[10]. Tarura, et al.
hypervelocity space debris [4,8,9].
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studied the delris cloud produced in projedile impading
SiC-fiber/3004 Al found that
SiC-fiber/3004 Al composite, compared with mondithic

composite  ard

aluminum plate, can broke a projedile into more
fragments and these fragments expardedin a larger area
[11]. Similarly, the SiC-fiber’3004 Al compasite took on
petatlike perforation as those in Hou et al [2].
Unfortunately, they didn’t study the performance
increese  when aluminum alloy was repgaced by
SiC-fiber/3004 Al composite in Whipple shield. Guo, et
al. studied the Damage behavior of Al matrix compaosite
reinforced with Ti-6Al-4V mestes [12] and Guo, et al.
studied the Residual microstructure as®ciated with
impad cratess in TiB,/2024A1 composite [13]. Although
focuseswere set on HVI charaderistics of density-grade
mateial in [12] ard [13], they didn’t study the
performancein defeaing hypervelocity projedile.

Efforts are also made on other mateials to find the
bestcandidateto apply in protection shield for spacecatft.
Ruddph, et a. studied the ability of differert flexible
mateiial i.e. Nextel 312, Kevlar 129 style 812 Carbon
T300 PEN, Refrex 142Q ard Dyneema CF10, to induce
fragmentation of a hypervelocity projedile [14].
Experimental reallts illustrated that these matefal had
smaller cgpadties in fragmenting projediles compared
with aluminum alloy. Baluch, et al.evaluatedthe spedfic
erergy absorption of carbon'epoxy compasite and found
that this composite absorbed 7% more erergy than
AlI6061-T6 [15]. Ryan amd Christiansen as&ssd
potertial of 12 kinds of materials (aluminium, titanium,
copper, nickel,
reticulated vitreous cabon, silver, ceramic, aramid,

stainess sted, nickel/chromium,
ceamic glass, ard cabon fibre) arranged in single-,
doule- ard triple-bumper shields [16]. The combination
of outer aluminum bumper and inner aluminum foam
bumper performed best amongst all structures with
different mateials. Francesconi, et al. studied the

protection cgpahility of a self-hedingionomeric polymer

ard found it performed worse than aluminum alloy in
fragmentizing projediles [17]. Zheng, et al. tested the
HVI charaderistics of Zrs;TisNi(CsAlg bulk metallic
glass, but they didn’t perform comparison with
aluminum alloy ard its performarcein withstanding HVI
is gtill unknowvn [18§].

Developing new generation of erhanced shield isan
etenal issue for sciertists to protect spacecaft from
micro-metearoid ard orbital delris. As new mateials are
applied, nowvel protection shields can be developed
Although enhanced shields are different, the primary
theareticd method to dewvelop erhanced shields remains
same which is to raise shock presare and prolong
duration of shock wave in bumper. Hou, et al. had
discussedthisissuein [19]. Inklings can alsobe foundin
Huang, et al.[10] and Baluch, et al.[15].

This paper is to study the HVI charaderistics of
new dersity-grade materials (Al/Mg, Ti/Al/Mg/ nylon)
ard new types of Gong-Hou shield, ard provide more
eviderces to validate that Gong-Hou shield is a

promising candidatein protecting spacecatft.
2. Experimental setup and results

We hawe conduwcted experimental reseach on
Ti/Allnylon shield before [2]. The Al/Mg- and
Ti/Al/M g/nylon-type Gong-Hou shield (short for Al/Mg
shield and Ti/Al/Mg/nylon shield) studied in this paper
had same parametess to those of Ti/Al/nylon shield. The
Al/Mg density-grade bumper consisted of 0.8 mm AL
2024T4 ard 1.1 mm MgAZ31B in thickness. The
Ti/Al/M g/nylon was made up of 0.4 mm Ti6Al4V, 0.3
mm AL 2024T4, 0.3 mmMgAZ31B, and 0.9 mm nylon.
The ared dersity of thesethree dersity-grade materals
equaled 1.5 mm AL 2024T4 plate in thickness. The
paraneters of Ti/Al/Mg/nylon ard Al/Mg are listed in
Tab 1. The rea wall was 3.0 mm AL 2024T4 (300
mmx300mm in size). The overall spadng was 100 mm.
Two 0.5 mm witnessplateswere set up behind rea wall.
The sample usedin experimentsis ill ustratedin Fig. 1.



Table 1. Parameters of density-grade materials.

Density—grade No. 'I_'hicknessof Thicknessof Thicknessof Thicknessof | Diameter
Materid Ti6AI4V(mm) | AL2024T4(mm) | MgAZ31B(mm) | nylon(mm) (mm)
B-1 0.359 0.306 0.337 0.914 110305
Ti/Al/Mg/nylon | B-2 0.369 0.304 0.314 0.944 110170
B-3 0.365 0.306 0.318 0.947 110275
A-1 / 0.818 / 1.150 110000
A-2 / 0.823 / 1.148 109958
A-3 / 0.813 / 1.096 109935
A-4 / 0.816 / 1.910 109950
A-5 / 0.815 / 1.148 109928
Al/Mg
A-6 / 0.805 / 1.143 110043
A-7 / 0.813 / 1.091 109918
A-8 / 0.816 / 1.136 109930
A-9 / 0.814 / 1.140 110095
A-10 / 0.777 / 1117 109918

HVI experimerts were conduwcted on two-stage km/s, and 6.5 km/s. The velocity uncertainty is less than
light gasgunin National Key Laboratary of Scierce and 5%o. Projediles normally impaded shield in all
Techndogy on Reliability and Environment Engineeing. experiments. Reallts are summarizedin Tab. 2.

The projediles varied between 4.5 mm and 6.5 mm in
diameter The velocities were carried out at 3.5 kim/s, 4.5

Table 2. HVI experiments on new types of Gong-Hou shield.

i Projectile O p i
Shot No. Mﬁe”d d %umper Rear wall damage | Fail ure? Wltdnessplate
O | Vp(kmis) | Dp(mm) n (M) amage

Sfc;#A A-1 4551 4.990 16.06 Bulge No No

Shot Detached
A 128 A-2 4.486 5.490 19.28 spallation Yes Craer
Shar | a3 4597 5518 1844 Bulge No No
Shot A Tiny detached "

14 A-7 4537 5518 1880 spell ation Critical No
Shot A Tiny detached "

154 A-9 3.549 4.989 12.76 spall ation Critical No
ShatA Detached .

014 A-4 6.383 6.481 3012 sgell ation Yes Penetration
ShatA Detached

P A-5 6.345 6.003 29.44 spall ation Yes Craer
Sgc; : A-6 6.576 5515 2820 Bulge No No
Shot A Detached

o4t A-8 5.967 5.991 29.00 spellation Yes Crater
Shat B . i

1-1# B-1 4.560 4981 20.02 Penetration Yes Tiny crater
S?c;t #B B-2 4611 4481 16.92 Bugle No No
Shat B Detached

0 1# B-3 6.40 6.0 2836 spellation Yes Crater

: Only diametersof perforationin front sufacewere measured.
@: Fail ure criteria arechosen as penetration or detached spall ation in rear wall .



(a) Sample before experiment

(b) Sample after experiment

Figure 1. Samples of Gong-Hou shield before and after
experiment. The density-grade bumper is fixed by two
aluminum plates.

3. HVI characteristics of new types of Gong-Hou
shield

The bumper of Gong-Hou shield is dersity-grade
mateial rather than mondithic aluminum alloy. This
novel desgn makes HVI charaderistics of Gong-Hou
shield differert comparedwith those of Whipple shield.

3.1 Perforation in density-grade bumper

The represetiative morphdogies of perforation in

Al/Mg bumper ard Ti/Al/M g/nylon are shown in Fig. 2.

B

(a) Perforationin Al/Mg bumper for Shot A2-1#

(b) Perforationin Ti/Al/Mg/nylon bumper for Shot B1-1#
Figure 2. Representative morphologies of perforationin
density-grade bumpers.

Petatlike perforations display in front surfaces of
both dersity-grade bumpers. This istotally different from
perforation in mondithic aluminum bumper which hasa
regular circle shape. In the bad of Al/Mg bumper, there
is a smaller perforation with rough edge. In addition a
middle size cradk compared with diameter of the hdle is
on the left. The perforation in the rea surface of
Ti/Al/Mg/nylon bumper exhibits same charader with
Al/Mg bumper. Moreover a regular circle hde is in the
middle of Ti/Al/Mg/nylon bumper, which is not observed
in Al/Mg bumper. The petatlike lips in front are AL
2024T4 of Al/Mg bumper ard Ti6AI4V amd AL
2024T4 of Ti/Al/Mg/nylon bumper. The irregular holes
in badk are on MgAZ31B ard nylon for AL/Mg and
Ti/Al/M g/nylon, resgedively. The regular perforation in
Fig. 2(b) isonMgAZ31B.

The perforation modes are typical charaders for
dersity-grade material when impaded by hypervelocity
projedile. The interfface hardnessis much less than yield
stressof mateiial. The arisotropy makes dersity-grade
material has differert resigances in different diredions.
When a projedile normally impaded dersity-grade
bumper, delamnation in inteface happered This
pheromenonwas alsoobservedin Ti/Al/nylon shield [2]
ard SiC-fiberreinforced aluminum-alloy target[11].

The perforation diameter in dersity-grade bumper



is larger than that in aluminum bumper.
Al/Mg
Ti/Al/M g/nylon bumper, and mondit hic auminum alloy.

Fig. 3
summarized  perforations  in bumper,
The normalized diameters (perforation diameter divided
by projectile diamete) of aluminum bumper are between
1.8 ard 2.2 at velocity range 3 km/s-7 km/s. Howewer,
the normalized diametess of Al/Mg vary from 2.4 to 5.1,
ard those of Ti/Al/Mg/nylon are in the range 3-5. As is
known to all, the larger the perforation is, the smaller the
momentum of projedile fragments ard the velocity of
delris cloud are. If the perforation is big, the mass
propartion of bumper fragments in dekris cloud will be
large. According to momentum equilibrium, the
momentum of projedile fragments is reduced. Thus the
velocity of debris cloud is reduced compared with the

impador.

= Curve for Al/Mg shield |
Curve for Ti/Al/Mg/Nylon shield .

Curve for Whipple shield L —

+  TilAl/Mg/Nylon shield
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Figure 3. Normalized perforation diameters for Al/Mg
bumper, Ti/Al/Mg/nylon bumper, and aluminum alloy
bumper. Only penetrations in front surface of
density-grade bumpers were measured. The colored
curves were fitted by least square method. The green line
represents result of Al/Mg bumper. The wine curve is
result of Ti/Al/Mg/nylon bumper. The black solid line is

calculated according to Hill [20].

3.2 Damage on rear wall

The damage on rea wall for Gong-Hou shield
preseits some unique charaders. At 4.5 km/s, crates

distribute discontinuowsly and homogeneausly on rea

wall of Whipple shield in Fig. 4(a). Each crater can be
recgnized by eyes.While the number of cratessis much
more on rea walls of Gong-Hou shield and crateis
overlap each other. There are about 25 cratess with
diameterlarger than 3 mm in Whipple shield. However,
only 2 crates with same size are on rea wall of
Ti/Al/M g/nylon shield ard there is no craterlarger than3
mm in Al/M g shield. The numbers of crates with size
larger than 2 mmand 1 mmare 41 and 111, resgedively,
in Whipple shield. Surprisingly, the numbers are 10 ard
42 for Al/Mg shield ard 11 ard 52 for Ti/Al/Mg/nylon
shield, illustrate  that

dersity-grade  bumper broke projediles into more

resgedively. These fads

fragments and reduced their size. Becauwse projedile was
fragmentized more finely, rear wall sufferedlessdamage.
Projedile with diameter of 4.00 mm at 4.795 km/s
caused bulges on bad of rea wall in Whipple shield.
However, 4.48 mm projedile only caused small bulges in
Ti/Al/Mg/nylon shield, and 5.48 mm projedile led to
tiny detaded spallation in Al/ Mg shield.

Furthemmore, big cratess scdter in the central part of
rea wall for Whipple shield. Those for Gong-Hou shield
distribute in aring zone off the center. The pheromenon
suggests that fragments in central part of debris cloud are
in small size. Density-grade bumper broke them into tiny
pieces. In Fig. 4(c), black traces spread outside of the
ring zone. It was caused by oxidated nylon fragment in
hypervelocity impad. No obvious damage is observedin
black traces.

(a) Whipple shield (Vp=4.795km/s, Dp=4.00mm)



(b) Al/Mg shield (Vp=4.486km/s, Dp=5.48mm)

(c) Ti/Al/Mg/Nylon sheld (Vp=4.611km/s, Dp=4.48mm)

Figure 4. Damages on rear wall for Whipple shield and
Gong-Hou shield at ~4.5 knvs.

At impaad velocity of ~6.5 km/s, the morphdogy
for baoth Whipple shield ard Gong-Hou shield approach
similar except for the ring zone with big craters. Also,
cratels in Gong-Hou shield are smaller than those in
Whipple shield (0.3mmVs 10 mm).

4. Balligtic limit curvesfor Gong-Hou shield

The ballistic limit curve (BLC) is the dired ard
prime eviderce to judge performances of different
shields. Fig. 5 summarized BLCs of Whipple shield ard
Gong-Hou shield. BLCs of Al/Mg shield ard
Ti/Al/M g/Nylon shield are above that of Whipple shield.
The fad suggests that Gong-Hou shield could defea
larger projedile at same impact conditions. At ~4.5 km/s,
rea walls in Shot Al-1# ard Shot A1-3# were not
peretrated The projedile diametess for Shot A1-1# and
Shot A1-3# are 5.0 mmand 5.5 mm, resgedively. While
arother shot’s projedile diameter is 5.5 mm at 4.486
km/s (Shot A1-2#), which lead to detaded spallation at
badk of rea wall. Shot A1-2# and Shot A1-3# restrict

that the critical diameteris abou 5.5 mm at 4.5 km/s.
This is also validated by Shot Al-4# Christiansen
equation predcts that the maximum projedile diameter
that Whipple shield can defed is about 3.3 mm. The
performance of Al/Mg shield is 66.7% larger than
Whipple shield. At ~6.5 km/s, Rea walls of Shot A2-1#
ard Shot A2-2# suffered detaded spallation, and witness
plates also suffered peretration or crater for both
experiments. Projedile diameters are 6.5 mm and 6.0
mm, resgedively. These two experiments suggest the
critical diameteris lessthan 6.0 mm at 6.383 km/s ard
6.345km/s. Shot A2-3# conductedat 6.576 km/s showed
that 5.5 mm projedile didn’t peretrate rea wall. The
fitted diameter is 6.0 mm deperding on these
experimental reallts. The performance increasesby 33.3%
compared with 45 mm of Whipple shield. An
35 km/s
Coincidentally, the diameter is 5.0 mm and at critical
point. While Whipple shield can only defea 2.7 mm
projedile a 3.5 km/s.
Three  experiments
Ti/Al/M g/nylon shield. The BLC at velocity range 3-7
km/s can be fitted by at leag four experiments. So the

experiment was also condwcted at

were condwted on

curve in Fig. 7 wasdrawn by hand ard it can only give
probable varation trerd. At ~4.5 km/s, a 5.0 mm
projedile peretrated rea wall, while the 45 mm
projedile only caused bude on rea wall. The critical
diametermust be between 4.5 mmand 5.0 mm. Sincethe
witnessplatein Shot B 1-1# only sufferedtiny crater, the
critical diameter shodd approach 5.0 mm. The number
read from the hand drawn curve is 4.8 mm at 4.5 km/s,
which is 45.5% larger than 3.3 mm for Whipple shield.
At 6.5 km/s, the read number is 5.9 mm. Whipple shield
can only defea 4.5 mm projectile at same velocity. The
former’s performance increases 31.1% compared with
the latter.

HVI experiments on Ti/Al/nylon shield have
verified that Gong-Hou shield has larger protection



cgoadty than Whipple shield [2]. Experimertal
reseaches Al/Mg shield ard
Ti/Al/IMg/Nylon shield in this paper validate that
conclusion further. Reseatches in [2] ard this paper

conduwcted on

account for that the nowvel desigh of repacing the
mondithic aluminum plate with dersity-grade bumper

can promote the performance of Whipple shield.
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Figure 5. BLCs for Gong-Hou shield and Whipple shield.
The green line was fitted by least square method. The red
line was drawn by hand. The black line was calculated
by Christiansen equation [4]. There are two
experimental Whipple shield.
conditions are Vp=6.221 km/s, Dp=5.00 mm and Vp

=6.150 knvs, Dp =4.50 mm, respectively, in normal

results for Impact

incidence.

5. Conclusions

HVI experiments were conducted on Al/Mg shield
ard Ti/Al/M g/nylon shield to verify the novel design of
dersity-grade bumper in Gong-Hou shield. Perforation in
dersity-grade ard damage on rea wall were analyzed.
These HVI charaderistics are kind of different from
those for Whipple shield. The perforation in
dersity-grade bumper takes on petatlike shape and
delamination of congtitute mateiials in the edge aaoss
the perforation is observed The perforation diameteris

larger than that in Whipple shield at same impad

conditions. Scatered crates with big size dstribute
homogereoudy on rea wall of Whipple shield, while
small craters overlap in the central areawith a ring zone
of big scatered cratess outside. Thus the number of big
cratess is reduced markedy in Gong-Hou shield in
comparison with Whipple shield.

BLC results validated the HVI charaderistic of
Gong-Hou shield. The protection cgpadties of Al/Mg
shield are 33% to 85% larger than those of Whipple
shield at velocity range 3~7 knm/s. Ti/al/Mg/nylon shield
also performs better than Whipple shield with
performanceincrease of 31% to 45%.

Reseachers [4-9] deduced that the performances of
erhanced  shields  (Multi-Shock  shield, Mesh
Douke-Bumper shield, stuffed Whipple shield and Metal
Foam Core Sandvich shield) increased approximate 406
compared with Whipple shield. Since Gong-Hou shield
performs much better than Whipple shield, it can be
rarked as a kind of erhamced shield. However,
Gong-Hou shield has only one bumper which makes it
simplest amongst erhanced shields. This charader
enalbes Gong-Hou shield more promising in ergineaing

application.
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