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In this paper, a new concept space shield structure, namely amorphous alloy reinforced Whipple shield
structure, is proposed. A series of experiments have been performed on this new Whipple shield
structure which consists of an amorphous alloy reinforced bumper and an LY12 Al (similar to 2024 Al
alloy) rear wall using two-stage light-gas gun at impact velocities of 3.5 km/s and 5.5 km/s. Damages
including penetration hole in the front bumper and craters on the rear wall have been studied, and it is
found that the protective capability of Whipple shield was improved by replacing LY12 Al alloy bumper
with Fe-based amorphous alloy reinforced bumper, especially at low impact velocity of 3.5 km/s. A
dimensional analysis of the parameters involved in the hypervelocity impact indicates that the coating
material with higher density, lower specific heat and not very high melting temperature is helpful for
better performance of the new shields. Wave propagation in the projectile and bumper is discussed, and
the shock wave strength and temperature rise are calculated, it is found that the amorphous alloy
reinforced bumper can produce higher shock pressures and induce higher temperature rise in the
projectile. Thus, our preliminary research shows some positive indications that the new Whipple shield

structure may provide higher protection level than the traditional one.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Whipple shield is a traditional protective structure which
consists of a front bumper at some stand-off distance from a rear
wall. It was first suggested by the noted astrophysicist Whipple [1],
and now widely used to protect spacecraft against space debris.
During the last few decades, a large amount of research was done
on Whipple shield as a means of reducing the perforation threat of
hypervelocity projectiles. It was shown that such a dual-wall
configuration can provide significant increases in protective capa-
bility over equivalent single-wall structures [2,3]. Although inno-
vative shield configurations such as stuffed Whipple shield [4] and
Multiple-Shock shield [5] were developed during the last 20 years
for further increase of protection performance, Whipple shield is
still extensively adopted. In particular, this dual-wall system can be
found on the International Space Station.

Previous studies have shown that the performance of Whipple
shield is significantly influenced by its geometry configuration (e.g.
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distance between the front bumper and the rear wall, thicknesses
of the two sheets) and material properties (e.g. density, acoustic
velocity, strength) [6—8], and the front bumper is always the key
element because it determines the condition of projectile after
initial impact [9]. So selecting proper material for the front bumper
is important in the shield design process. The traditional bumper
material used in Whipple shield is aluminum alloy for its high
strength-to-weight ratio. But as the safety requirements become
higher, new bumper materials such as composite materials,
ceramic materials, metallic foams, and super alloys were studied
[10—13], and the protection performance of the shields was grad-
ually improved. However, for the weight and volume constraint, it
is still a problem to protect the spacecraft effectively against space
debris.

As an effort that is made to find new effective bumper materials,
an amorphous alloy (also called as metallic glass) is studied in this
work. Compared with the traditional aluminum alloy, amorphous
alloys have greater advantages for their unique physical and
mechanic properties [14—16]. The strength of amorphous alloys is
extremely high, even approaches the theoretical limit. For Zr-based
and Cu-based amorphous alloys, the reported strength is about
2 GPa [17—19], while that is approximately 4 GPa for Fe-based and
5 GPa for Co-based [20]. Moreover, the density of amorphous alloys
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is always slightly lower than that of their crystalline counterparts.
As a result, the strength-to-weight ratio of amorphous alloys is
several times higher than that of conventional crystalline alloys. For
the Fe;7Si1gB4 used in the present work, the strength is about 3 GPa
while that is 340 MPa for LY12 Al. Although the density is about
7.2 gJem? larger than 2.78 g/cm? of LY12 Al, the strength-to-weight
ratio is 3 times higher than that of LY12 Al Besides, the melting
temperature of many amorphous alloys is not very high [21].
Usually, bumper material with lower melting temperature can
reduce the probability of complete penetration, because melting of
bumper can lead to smaller particle sizes in debris cloud [22,23].
For the Fe77Si19B4 used in the present work, the melting tempera-
ture is 1198 K while that is 933 K for LY12 Al Although the melting
temperature is slightly higher, the specific heat is significantly less
than that of LY12 Al, so it is easier for the material to melt. The
advantages above indicate that the amorphous alloys are very
suitable as the bumper material in Whipple shield.

In this work, we have proposed a new Whipple shield structure
with an amorphous alloy reinforced bumper which is a double-
layer structure and is expected to decrease the weight and
volume of shield system. In order to evaluate the performance of
this new Whipple shield structure, several hypervelocity impact
tests are conducted on Whipple shields with two different bumpers
including the amorphous alloy reinforced bumper and a traditional
monolithic LY12 Al bumper which is used as a comparison. The
damage characteristics of the shields are carefully examined. For
a further comparation of the two shields, a dimension analysis is
carried out. Besides, wave propagation in the projectile and bumper
is discussed, and the shock strength and temperature rise in the
projectile are estimated.

2. Material preparation

The amorphous alloy reinforced bumper used in this work
consists of a Fe-based amorphous alloy coating and an LY12
aluminum alloy substrate. The coating was deposited on the
substrate by electro-thermal explosion spraying which is a new
spraying method with lots of advantages such as high hardness,
low porosity and good bonding [24]. The spray materials are
amorphous Fe—Si—B ribbons of 50 um thickness, with the nominal
composition of Fe77Si14Bg. The polished LY12 aluminum alloy with
the thickness of 2.85 mm is used as the substrate. During the
spraying process, the spray materials are heated to molten or
gasification states by the instantaneous electrification and
discharge of the metal conductor. As a result, the substrate is
impacted successively by the molten droplets under shock wave
and then the coating is produced on the surface of the substrate
[25]. The thickness of the amorphous alloy coating is 0.15 mm. And
X-Ray diffraction conducted on the coating indicated that the
coating material is composed of large amount of the amorphous
phase and small amount of the crystalline phase.

3. Hypervelocity impact experiments

The hypervelocity impact experiments were carried on a two-
stage light-gas gun at impact velocities of about 3.5 km/s and
5.5 kmy/s. The experimental configuration is illustrated in Fig. 1a,
and Fig. 1b shows the device which is used to assemble the plates of
Whipple shield and witness panel. There are three parts in the
experimental configuration: a spherical projectile the Whipple
shield and a witness panel. The projectiles used were solid LY12
aluminum alloy spheres with the same diameter of 4 mm. The new
Whipple shield structure consists of an amorphous alloy reinforced
bumper and an LY12 Al rear wall, while a monolithic LY12 Al
bumper is used in traditional Whipple shield. The thicknesses of

a
Coating Front bumper  Spacing Rear wall  Witness panel
A
Substrate Impact
direction
Projectile

Witness panel

Rear wall

Front bumper

Fig. 1. (a) Experimental configuration. (b) Assemble device of plates.

both the front bumper and the LY12 Al rear wall in Whipple shield
structure was held constant at 3 mm. And the front bumper and the
rear wall were separated by a constant distance of 100 mm. An LY12
Al witness panel with thickness of 3 mm was placed at a distance of
100 mm behind the rear wall. Table 1 presents a summary of the
hypervelocity impact test parameters. As a relatively young class of
material, it is still very difficult to fabricate amorphous alloys of
large size. Thus, only 4 tests were carried out in the present work.

4. Results

In each test, the front bumper of Whipple shield was penetrated
by the sphere projectile, and a cloud of bumper and projectile
debris that could contain solid fragments, liquid, or vapor particles
was generated and impacted the rear wall, forming craters and
bumps(spallation). No complete penetration or detached spallation
was found on the rear wall in our tests. Thus we couldn’t see any
damage on the witness panel. From the observation of damage on
the front bumpers and rear walls, the new shield made significantly
better performance at low impact velocity of 3.5 kmy/s. But at
impact velocity of 5.5 km/s, the difference between the perfor-
mances of the two shields was not apparent. Although our

Table 1
Hypervelocity impact test parameters.
Shot ID 1-1 1-2 2-1 2-2
Impact velocity (km/s) 3.44 3.55 533 5.70
Projectile diameter (mm) 4 4 4 4
Bumper material LY12 Al Fe;7Si19B4 LY12 Al Fe;7Si19B4
+ LY12 Al + LY12 Al
Bumper Total 3 3 3 3
thickness Coating 0 0.15 0 0.15
(mm) Substrate 3 2.85 3 2.85
Rear wall thickness (mm) 3 3 3 3
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Fig. 2. Penetration hole in the front bumper: (a) LY12 Al, V = 3.44 km/s; (b) Fe;7Si19B4/Al, V = 3.55 kmy/s; (c) LY12 Al, V = 5.33 km/s; (d) Fe;7Si19B4/Al, V = 5.70 km/s.

observation at impact velocity of 5.5 km/s still showed that the new
shield was slightly better, it was possibly induced by the variation
of the impact velocities.

4.1. Macroscopic damage morphology

Fig. 2 shows the penetration hole in the front bumper of each
test, and Table 2 presents the characteristics of the penetration
holes. Compared with LY12 Al bumpers, holes produced in the Fe-
based amorphous alloy reinforced bumpers are slightly larger and
at the impact velocity of 3.5 kmy/s, there is curling formed around
the hole of amorphous alloy reinforced bumper, while no obvious
curling is found around the hole of LY12 Al bumper. Higher
temperature rise of projectile and bumper material during the
penetration progress in amorphous alloy reinforced bumper that
induced thermal softening is the possible reason.

Fig. 3 shows the front side of rear wall in each test, and Table 3
presents the characteristics of craters on the rear walls. At the same
impact velocity, the rear wall damage indicates that amorphous
alloy reinforce bumpers made better performance in breaking up
the projectile, especially at low impact velocities of 3.5 km/s. As is
shown in Table 3, at impact velocity of 3.5 km/s, the max crater
diameter and depth with LY12 Al bumper is larger than that with
amorphous alloy reinforced bumper. But at impact velocity of
5.5 km/s, the max crater diameter and depth of both bumper
materials are nearly the same.

Statistics on number of craters with different size are presented
in Table 3. All the craters on the rear wall are divided to three

Table 2

The characteristics of penetration hole.
Velocity (km/s) 3.44 3.55 5.33 5.70
Bumper material LY12 Al Fe;7SijoBs/Al  LY12 Al Fe77Si19B4/Al
Diameter (mm) 8.0 8.5 115 12.0
Curling Not obvious  obvious Not obvious  Not obvious

classes: (1) Main crater, which is obviously larger than other craters
and is always in the centre of the crater zone; (2) Medium crater
(diameter>1 mm); (3) Micro-crater (diameter<1 mm). It can be
seen that there are more small craters on the rear wall with
amorphous alloy reinforce bumper, while less big craters are found
on it. At impact velocity of 3.5 km/s, there is 1 main crater on the
rear wall with LY12 Al bumper, while there is no main crater but
more medium craters and micro-craters found on the rear wall
with amorphous alloy reinforced bumper. At impact velocity of
5.5 km/s, no main crater is found on both rear walls. There are about
438 medium craters on the rear wall with LY12 Al bumper, while
there are less medium craters but more micro-craters found on the
rear wall with amorphous alloy reinforced bumper.

Fig. 4 shows the back side of the rear wall in each test, and
Table 4 presents the characteristics of bumps (spallation) and
perforations. No complete penetration or detached spallation was
found in our tests. Comparing the number and the size of bumps in
each test, the spallation damage seams weaker on the back side of
rear wall with amorphous reinforced bumpers.

4.2. Microscopic damage morphology

The microstructure of the penetration holes in front bumpers
and the craters on the rear walls has been studied by SEM.

Fig. 5 shows the microstructures of the inner surfaces in the
penetration holes. As the impact velocity increases from 3.5 km/s to
5.5 km/s, the microstructures of the inner surface in the hole
become more granular no matter the front bumper is LY12 Al
bumper or amorphous alloy reinforced bumper. These micro-
structures indicate that as the impact velocity increases, the
bumper material around the penetration hole was more severely
fractured.

At the velocity of 3.5 km/s, the microstructures with amorphous
alloy reinforced bumper shows some differences. Fig. 6 illustrates
the melting zone of the inner surface found in the hole of
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Fig. 3. Front side of the rear wall: (a) LY12 Al, V = 3.44 km/s; (b) Fe;7Si19B4/Al, V = 3.55 km/s; (c) LY12 Al, V = 5.33 km/s; (d) Fe77Si19B4/Al, V = 5.70 km/s.

amorphous alloy reinforced bumper. We cannot find this melting
zone in the hole of LY12 Al bumper. It may indicate higher
temperature rise of projectile and bumper material during the
penetration progress in amorphous alloy reinforced bumper at the
velocity of 3.5 km/s.

There are a lot of craters on the rear wall of the Whipple shield.
In order to compare the microstructures of craters in each test, only
the largest crater on each rear wall has been studied.

Fig. 7 shows the microstructures at the bottom of each largest
crater. The bottom of each crater is covered by smooth melting
material with voids distributed in it. The reason for the formation of
the voids is due to the gas sealed during the progress of fragmen-
tation of the debris cloud while impacting against the rear wall. At
the same impact velocity, the number of the voids with LY12 Al
bumper is larger than that with amorphous alloy reinforced
bumper, and the average size of the voids with LY12 Al bumper is
also larger. As the impact velocity increases, the number and the
average size of the voids becomes smaller no matter the front
bumper material is LY12 Al or Fe-based amorphous alloy. The
decrease of both the number and the size of the voids is due to the
reduction of sealed gas amount. If we assume that the sealed gas
amount is proportional to the area of collision cross section, and the
area of collision cross section is related to the size of the impact
fragment, the decrease of both the number and the size of the voids
is due to decrease of the impact fragment size. Thus these micro-
structures may indicate that the largest fragment in the debris

Table 3
The characteristics of craters on the rear wall.
Velocity (km/s) 3.44 3.55 5.33 5.70
Front bumper material LY12 Al  Fe77SijoB4/Al LY12 Al Fe77Sij9B4/Al
Max crater diameter (mm) 6.5 4.0 3.0 3.0
Max crater depth (mm) 1.0 0.7 1.0 1.0
Main crater number 1 0 0 0
Medium crater number 95 125 438 323
Micro-crater number 374 995 2337 3757

cloud with amorphous alloy reinforced bumper is smaller than that
with LY12 Al bumper at the same impact velocity.

Fig. 8 shows the microstructures near the edge of each largest
crater. At the impact velocity of 3.5 km/s, smooth melting zone can
be found in the crater with amorphous alloy reinforced bumper, but
cannot be found in the crater with LY12 Al bumper. At the impact
velocity of 5.5 km/s, smooth melting zone can be found in the crater
with both bumper materials. These microstructures indicate that the
crater with amorphous alloy reinforced bumper is totally covered by
melting material at impact velocity of 3.5 km/s, while that with LY12
Al bumper is not totally covered. The possible reason is that the
temperature of the debris cloud fragment with amorphous alloy
reinforced bumper material is higher than that with LY12 Al bumper
material, which is induced by higher temperature rise of projectile
and bumper material during the penetration process in amorphous
alloy reinforced bumper at the same impact velocity.

Fig. 9 shows some special patterns related to Fe-based amor-
phous alloy found at the bottom of the largest craters with amor-
phous alloy reinforced bumper. Because the rear wall doesn’t
contain Fe element, all the Fe element found in the crater comes
from amorphous alloy coating in front bumper. As is illustrated in
Fig. 9, the zone without Fe element seems smooth. But as the
contents of Fe element increase, the microstructures become coarse.

5. Analysis and discussion
5.1. Dimensional analysis

In hypervelocity impact, different mechanical and thermal
processes take place, such as plastic flow, fragmentation, spalling,
melting and vaporization, and the parameters involved in these
processes are numerous. So it is difficult to find out the key
parameters that influenced the performances of the front bumpers
in our tests. In order to simplify the analysis and reduce the number
of parameters involved, a dimensional analysis was carried out.
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Fig. 4. Back side of the rear wall: (a) LY12 Al, V = 3.44 km/s; (b) Fe77Si19B4/Al, V = 3.55 km/s; (c) LY12 Al, V = 5.33 km/s; (d) Fe;;SijoB4/Al, V = 5.70 km/s.

As is well known, the front bumper is used to break up the
projectile and generate the debris cloud, so the characteristics of
debris cloud can reflect the behavior of the front bumper. Previous
works [26,27] have shown that the two key characteristics of the
debris cloud are: (1) the size of the largest central fragment; (2) an
average median Martin diameter of the fine fragments resulting
from shock-induced spall in the aluminum sphere and residing in
the trailing portion of the debris cloud. As the largest central frag-
ment can most possibly induce the complete penetration or
detached spall of the rear wall, here we focus on the size of the
largest fragment, assigned as dmax. The smaller the dpyax is, the better
the front bumper behaves. The size of the largest fragment can be
basically expressed as a function of all the parameters involved in
the process that the front bumper breaks up the projectile

dmax = f(dp7 tp, te, Pps Cps Yp, Cobp, pe, Cc, Ye, Cele, V) (1)

where d,, is the diameter of the projectile, t, the thickness of the
front bumper, t. the thickness of the coating of the front bumper, p,
and p. the density of projectile and coating, C, and C; the acoustic
speed of projectile and coating, Ypand Y. the strength of projectile
and coating, Cpf, and Cc0. the product of specific heat and melting
temperature of projectile and coating, which is the thermal energy
per unit mass associated with bringing a body up to the phase
change, and V the impact velocity.

The material of the substrate is the same as the material of the
projectile, so its parameters won't be list here. It is to be noted that

Table 4
The characteristics of bumps and perforations.
Velocity (km/s) 3.44 3.55 5.33 5.70
Front bumper material LY12 Al Fe;;SijoB4/Al  LY12 Al Fe;;Si19B4/Al
Number of bumps 20 20 54 50
Number of perforations 0 0 0 0

the heat of fusion (np and n¢) is not list here, because Cf/n is
approximately constant for many materials [28]. And the vapor-
ization of the materials is also not taken to consideration, as the
impact velocity is not very high in our tests. Only normal impact is
considered here, so the impact angle of obliquity ¢ can be ignored.
All parameters in Eq. (1) involve three reference dimensions that
are mass [M], length [L] and time [T]. According to Buckingham’s 7-
theorem, dp, Pc and Vare chosen as the repeating variables, then Eq.
(1) can be expressed by using dimensionless variables as Eq. (2)

t te pp V opV* VOO v op v JCle

dmax _

dp g %7 dp7 pc’ Cp, Yp ) v CC’ YC ) 1%

(2)

And in our tests, each LY12 Al bumper can be interpreted as
consisting of 0.15 mm LY12Al coating and 2.85 mm LY12 Al
substrate, so the geometry configuration of each test is nearly the
same. Besides, the projectile of each test is the same too. Then some
of the non-dimensional variables in Eq. (2) are constant

t C

dp
so, Eq. (2) can be simplified to Eq. (3)

c 1%
— = const, o= const,

t,
= const,
p p

= const

'U%

(3)

dmax _g Pp Pcvz Z Pcvz v Cellc
dp o Yp o YV

where p,/p, is the density ratio, p.V2/Y, and p.V?/Y. are damage
numbers [29] which can be interpreted as the ratio of impact
pressure to the strength of the material, V/C; is the effective Mach
number associated with inertia to compressibility, and /C.0./V is
an energy ratio, whose numerator squared is associated with
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Fig. 5. Inner surfaces in the penetration holes: (a) LY12 Al, V = 3.44 km/s; (b) Fe77Si1gB4/Al, V = 3.55 km/s; (c) LY12 Al, V = 5.33 km/s; (d) Fe;7Si19B4/Al, V = 5.70 km/s.

thermal energy per unit mass that is needed to bring a body up to
the phase change, and denominator squared is associated with the
kinetic energy per unit mass.

Table 5 presents the material properties of LY12 aluminum alloy
and the Fe77Sij9B4 amorphous alloy that is considered in Eq. (3). As
shown in Table 5, the acoustic speed of LY12 Al and Fe77SiigBy4 is
nearly the same, but the density, the strength and the product of
specific heat and melting temperature are quite different for both
materials. So it indicates that the parameters p., Y and C.f. could
be the major factors for different performance of the two bumpers.
Compared with LY12 Al, the density and strength of Fe;7Si19B4 is
larger, and the value of C.0. is smaller. As the increase of coating
density can increase the impact pressure, and the decrease of C.0,.
makes it easier for melting of the coating material and faster that
the coating strength decreases, the change of these parameters are
helpful to the better performance of front bumper. But as the
strength of coating increase, it will be harder for the coating to
break up, and that may induce larger fragments in the debris cloud.
In our test, the increase of the coating strength seems doing no

&,

Magn |—| 10pm
5000% J

harm to the behavior of the bumper. The possible reasons may be:
(1) the thin thickness of Fe77SijgB4 coating makes it impossible to
form big fragments from coating material, and the largest central
fragment most probably comes from the LY12 Al projectile or the
LY12 Al Substrate; (2) the strength of the Fe;7SijgB4 coating may
decrease a lot due to thermal softening of the material because of
the smaller value of C.f..

Hence, it can be concluded that higher density, lower specific
heat and not very high melting temperature of the Fe;7Si19B4
amorphous alloy are helpful for the bumper to generate smaller
fragments in debris cloud. And that may be the reason why the Fe-
based amorphous alloy reinforced bumper makes better perfor-
mance in our hypervelocity impact tests.

5.2. Wave propagation
The results of the hypervelocity impact tests have shown two

important characteristics of the Fe-base amorphous alloy rein-
forced bumper: (1) it is more effective to break up the projectile

Fig. 6. Melting zone of the inner surface in the penetration hole.
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Fig. 7. Microstructures at the bottom of each largest crater: (a) LY12 Al, V = 3.44 km/s; (b) Fe;7Si19B4/Al, V = 3.55 km/s; (c) LY12 Al, V = 5.33 km/s; (d) Fe;7Si19B4/Al, V = 5.70 km/s.

than LY12 Al bumper; (2) the temperature rise of projectile and
bumper during the penetration process is higher than LY12 Al
bumper. These can be explained by the physical process of debris
cloud formation.

Following typical description of one-dimensional wave propa-
gation in projectile and bumper produced by hypervelocity impact

Dat WOS—=8_— -1 10, *
SE S %y
e oW

o M:;n- Dc,tﬁ[l'.

N,5.0 5000x SE- 72
o e i

[22,30,31], a schematic of the early stages of debris cloud formation
is shown in Fig. 10.

Compared with monolithic LY12 Al bumper, the amorphous
alloy reinforced bumper is a two-layer structure, so the wave
propagation in this structure is somewhat different. After a sphere
projectile impacts a two-layer bumper which consists of a coating

Spot Maan
kV 30 0%, Sk

.

Fig. 8. Microstructures near the edge of each largest crater: (a) LY12 Al, V = 3.44 km/s; (b) Fe;7Si19B4/Al, V = 3.55 km/s; (c) LY12 Al, V = 5.33 km/s; (d) Fe;7Si19B4/Al, V = 5.70 km/s.



8 X. Huang et al. / International Journal of Impact Engineering 42 (2012) 1-10

Fe: 2.24%

Magn Det WD }——— 4 1;m

0" 50000x TLD 5.7

gn

0.57%

AceV  Spot
200KV 40

Fig. 9. Special patterns related to Fe-based amorphous alloy: (a)(b) Fe;7Si19B4/Al, V = 3.55 km/s; (c)(d) Fe;7Si1gB4/Al, V = 5.70 km/s.

Table 5
Material properties of LY12 Al and Fe;;Si9Ba4.
Material ~ Density Strength Acoustic Specific heat Melting
(g/em®) (MPa) speed (km/s) (J/(g*K)) temperature(K)
LY12 Al 2.78 340 6.32% 0.90° 933
Fe77SiioBs 7.2° 2980¢  5.94¢ 0.454 1198¢

2 From aluminum.

b Calculated from atom ratio.
¢ From Fe;7GasPg 5C4B4Siy 5.
4 From steel.

€ From Fe;7GasP1,C4Ba.

a
Projectie Coating

Substrate

>S5,

~

and a substrate at a velocity of Vg, two shock waves S1 and S2 and
two rarefaction waves R1 and R2 are generated at the same time.
For the bumper is a two-layer structure, there are two interfaces
which are projectile-coating interface and coating-substrate inter-
face. When shock wave S2 reaches the coating-substrate interface,
a reflection wave R3 and a transmission wave T1 take place. In our
tests, the acoustic impedance of substrate is lower than that of
coating, so R3 is a rarefaction wave. After R3 reaches the projec-
tile—bumper interface, the rarefaction wave R4 is transmitted and
continues to propagate into the projectile, one of the following
situations may occur: (1) Shock wave S1 is reflected as a rarefaction
wave R6 from the free boundary of projectile, then R4 interacts
with R6 forming tensile region. In this case, the whole projectile is

b Coating Substrate
Projectile

Fig. 10. Wave propagation in the projectile and bumper.
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Table 6

Parameters used in the calculation.
Material Co k Po Iy
LY12 Al 5.328 1.338 2.785 2.00
Fe77Si19B4 3.574° 1.920° 7.2> 1.69%
2 From steel.

b Calculate from atom ratio.

compressed more heavily than that with Al bumper. (2) Rarefaction
wave R4 catches up with S1 creating an attenuating wave, which is
reflected as a rarefaction wave from the free boundary of projectile
later. In this case, only part of the projectile is compressed more
heavily.

When transmission wave T1 reaches the free surface of bumper,
it is also reflected as a rarefaction wave. As these rarefaction waves
interact, regions of tension form. If the net tension stress exceeds the
material strength, fracture will occur. The fracture of the projectile
and target can be interpreted as a multiple-spalling phenomenon,
and particle size of the debris cloud can be influenced by two
important factors [22]: 1) the strength of the shock waves which
determine the magnitude of the rarefaction waves, 2) the tensile
strength of the projectile and target materials, which can be
degraded by the heating of the material caused by the shock waves.

The Fe-based amorphous alloy coating used in our test can affect
the two factors. Due to the higher acoustic impedance of Fe-based
amorphous alloy, the shock pressures of S1 and S2 with amorphous
alloy reinforced bumper material are higher than that with LY12 Al
bumper material, and the higher amplitude of shock waves induces
more severely heating of the material, then the strength of the
material is degraded more. Thus, the particle size of the debris
cloud that is produced by amorphous alloy reinforced bumper is
smaller than that produced by LY12 Al bumper.

Based on the simple one-dimensional consideration [22,32], the
amplitude of the shock waves S1 and S2 was calculated, and the max
temperature rise in the projectile has been estimated. It is to be noted
that there are two dissipation processes that induce the heating of
material. One is the plastic deformation of material, another is
a consequence of entropy production in the non-linear shock
compression event. As the entropy production in the non-linear
shock compression event plays a key role in the material heating
[33], the contribution of plastic deformation is neglected here.

Table 6 presents the parameters needed in the calculation. Cp
and k are the coefficients in the Rankine—Hugoniot relationship:

us = co + kup (4)
po and I'g are the coefficients of the Mie-Gruneisen EOS:
P = Py + pI'(E — Ey) (5)

where it is usually assumed that:

I'=Topo/p (6)
Table 7
Calculation results.
Impact velocity 3.5 km/s 5.5 km/s
Coating material LY12 Al  Fe;;SijgB4  LY12 Al Fe;7Si19B4
Shock wave strength(GPa) 374 52.8 69.0 101
Residual internal energy of  0.23 043 0.68 1.19
projectile(MJ/kg)
Temperature rise of 240 429 Incipient ~ Complete
projectile(K) melt melt

In our calculation, Mie-Gruneisen EOS has been adopted due to
the not very high impact velocity in our tests so that no vapor-
ization of material would take place. For lack of coefficients of the
Rankine—Hugoniot relation and Mie-Gruneisen EOS for Fe;7SigB4
amorphous alloy [34], coefficients of steel were used as a rough
estimate.

Table 7 presents the results of the calculation. Compared with
monolithic LY12 Al bumper, the shock wave strength and material
temperature rise in the projectile are obviously higher at the same
impact velocity when Fe-based amorphous alloy reinforced
bumper is used. That is the reason for the better performance of Fe-
base amorphous alloy reinforced bumper.

6. Conclusion

A new Whipple shield structure which consists of an amorphous
alloy reinforced bumper and an LY12 Al rear wall is proposed in this
paper. In order to evaluate the performance of this new Whipple
shield, hypervelocity impact tests have been performed on the new
Whipple shield and the traditional Whipple shield at different
impact velocities of 3.5 km/s and 5.5 km/s. Damages including
penetration hole in the front bumper and craters on the rear wall
are carefully studied, and it is indicated the protective capability of
new Whipple shield is higher than the traditional one, especially at
lower impact velocity of 3.5 km/s. Result of a dimensional analysis
shows that the higher density, lower specific heat and not very high
melting temperature of Fe-based amorphous alloy are the possible
reason for better performance of the amorphous alloy reinforced
bumper. Wave propagation in the projectile and bumper is dis-
cussed, and the shock wave strength and temperature rise in the
material are evaluated. And it is shown that the amorphous alloy
reinforced bumper can generate higher shock pressures and induce
higher temperature rise in the projectile which is a major advan-
tage of the Fe-based amorphous alloy. For the difficulties in fabri-
cating amorphous reinforced bumpers, the number of the present
experiments is very limited. However, our preliminary work shows
some positive indications that the amorphous alloy reinforced
bumper may be more effective to fragment the projectile, and this
new Whipple shield structure proposed in the paper may offer
higher protection level than the traditional one.
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