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Review of bumper materials for spacecraft shield against orbital debris
hypervelocity impact

Abstract

It is widely known that the hypervelocity impact of orbital debris can cause serious damage to
spacecraft, and enhancing the impact resistance is the great concern of spacecraft shield design.
This paper provides a comprehensive overview of advances in the development of bumper
materials for spacecraft shield applications. In particular, the protective mechanism and process of
the bumper using different materials against hypervelocity impact are reviewed and discussed. The
advantages and disadvantages of each material used in shield were discussed, and the performance
under hypervelocity impact was given according to the specific configuration. This review provides
the useful reference and basis for researchers and engineers to create bumper materials for
spacecraft shield applications, and the contemporary challenges and future directions for bumper
materials for spacecraft shield were presented.
Keywords: Orbital debris; Spacecraft shield; Hypervelocity impact; Bumper materials; Protective

mechanism

1. Introduction

In 2023, mankind had carried out 212 space launches. With the substantial increase of space
activities, the space environment has deteriorated sharply. In particular, the large-scale
development of the LEO (Low Earth Orbit) constellation satellite will increase the probability of
explosive growth in the number of the orbital debris [1-3]. Manned spaceflight has developed
rapidly. For example, the United States had proposed the Artemis plan to return to the moon, and
Chniese space station “Tian Gong” has completed in orbit assembly and entered the operational
phase. The hypervelocity impact of micrometeoroid and orbital debris (MMOD) will lead to the
failure or even disintegration of manned spacecraft, and it will seriously threaten the safety of
manned spaceflight [4]. The James Webb Space Telescope has been impact by many
micrometeoroids since its launch, and the impact on the mirror of segment C3 in May 2022 caused
an uncorrectable change in its observation results [5]. In December 2022, the Progress MS-22
spacecraft was impacted by space debris, and a small hole with a diameter of about 0.8 mm
appeared in the cabin near the solar wing, which led to coolant leakage [6]. The SpaceX Crew-4
mission spent nearly 170 days on the Node 2 zenith docking port of the International Space Station
between April 27, 2022 and October 14, 2022. A post-flight inspection was performed on the
SpaceX Dragon vehicle after the Crew-4 mission for MMOD damage. Fourteen possible MMOD
impact damages were identified on the areas of the vehicle inspected [7]. Space safety has raised
great concern, and it is an urgent problem to improve the protective capability of spacecraft against
orbital debris [8].

Due to the low detectionable characteristics of centimeter sized debris, it is difficult for
spacecraft to maneuver to avoid the impact [9-11]. Centimeter sized debris have high kinetic
energy and are difficult to be shattered, which leads to serious damage to spacecraft. Protection
against the impact of centimeter sized debris had become the primary aim of the development of
spacecraft shield structure and material. The improvement of the protective capability of spacecraft

shield depends on the development of new high impact resistant performance materials, and the



primary purpose of developing improved shielding is to provide higher levels of spacecraft orbital
space protection with less weight. At present, most materials can only resist the impact of
projectiles with a size of less than 1 cm, and only a few materials can protect projectiles larger than
1 cm under the limitation of area density.

The impact of the projectile on the bumper will produce shock waves propagating towards the
interior of the projectile and the bumper respectively, and the shock wave inside the projectile can
be reflected on the back of projectile to form a tensile wave [12, 13]. The projectile will be shattered
into small fragments under tensile effect, and the projectile material melts and gasifies due to the
temperature rise caused by shock wave loading [14]. The melting and gasification of the material
can reduce the damage of the projectile to the rear wall. After the interaction between the projectile
and bumper, the fragments of the projectile and the bumper will form the debris cloud, which
expands within the spacing between the bumper and the rear wall and moves towards the rear wall
with a high velocity [15]. It is worth emphasizing that the primary protective mechanism of the
Whipple shield is fragmentation of the projectile caused by the impact of the projectile on the
bumper, rather than melting and vaporization. The hypervelocity material that has been melted and
gasified will also damage the rear wall of the protective structure. The debris cloud impact a large
area on the rear wall, dispersing the energy density and load density of the projectile on the rear
wall. The mass distribution and motion characteristics of debris cloud determine its damage to the
rear wall [16-18]. The density, strength, modulus, hardness, melting temperature and gasification
temperature of bumper materials have an important influence on the projectile-bumper interaction
process and subsequent debris cloud. Therefore, the selection of bumper material plays an
important role in the research and development of spacecraft shield. With the rapid increase of
centimeter sized orbital debris, it is expected that traditional materials will no longer meet the
protection requirements. At present, a variety of advanced bumper materials have been developed
to improve the shielding performance of the spacecraft shield, especially high performance

materials, as shown in Fig. 1.
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Fig. 1. The advanced bumper materials applied in spacecraft shield.

2. Protective structure and concept

The low velocity range is less than 1 km/s, the high velocity range is 1-3 km/s, and the



hypervelocity range is 23 km/s. The relative impact velocity between space debris and spacecraft is
5-15 km/s, with an average of 10 km/s. In order to enable the projectile to impact the shield
structure at the hypervelocity of 23 km/s, two-stage light-gas gun (2SLGG) and three-stage light-gas
gun (3SLGG) were applied. Initially, the 2SLGG was driven by compressed gas and gunpowder [19].
In order to improve the driving capability, mixed gas detonation driving technology has been
developed in recent years to achieve higher launch velocity [20]. At present, the 2SLGG can achieve
the launch velocity of 2-8 km/s, while the 3SLGG can achieve the launch velocity of >10 km/s [21].
The development of light-gas gun technology and proliferation of facilities have promoted the
progress of bumper materials, including the impact phenomenon caused by higher velocity and the
understanding to the response characteristics of materials themselves. High speed camera
technique [14, 15], transient optical testing technique [22, 23], and transient magnetic
measurement technique [24, 25] can be used in hypervelocity experiments to obtain debris clouds
and various radiation signals generated by projectile impacting on bumpers, in order to evaluate the
physical properties of bumper materials.
2.1. Whipple shield

To protect spacecraft from orbital debris impacts, the Whipple shield [26] was proposed. As
shown in Fig. 2, the original Whipple shield is a thin aluminum alloy bumper followed at a distance
by the rear wall, and the fragmentation of the projectile depends on the pressure induced by the
impact between projectile and bumper. As shown in Fig. 3(a), the shock wave induced by the impact
of the projectile on the bumper can cause the projectile to be shattered. The longer duration and
higher pressure of the shock wave induced by impact can causes a longer duration and stronger
stress tensile wave reflected from the back of the projectile, and the projectile will suffer a longer
and stronger tensile effect. The projectile will be shattered into smaller fragments under the longer
tensile effect. Then, the projectile fragments and bumper fragments can form the debris cloud with
high velocity, as shown in Figs. 3(b) and 3(c). This can cause the kinetic energy of the debris cloud
to concentrate in the central area of the rear wall, making the central area of the rear wall bear high
load density. The disadvantage of the Whipple shield is that the projectile only experiences single
impact load and shatters once, resulting in insufficient fragmentation of the projectile. After the
bumper is broken down, the rear wall will be exposed, and the rear wall can be damaged by solid

fragments in the debris cloud.
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Fig. 2. Whipple shield with aluminum alloy as bumper and protective concept [26]: (a) Whipple
shield; (b) Whipple shield protective concept.
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Fig. 3. Views of debris clouds produced by impact of 9.53 mm diameter, 1.275 g, Aluminum spheres
with various thicknesses of Al6061 bumper. Impact velocity is 6.6 km/s [15]: (a) Interaction
between projectile and bumper; (b) Debris cloud, bumper thickness is 2.225 mm; (c) Debris cloud,

bumper thickness is 4.039 mm.

2.2. Multi-bumper shield

Although fabric materials provided the new flexible form of shield materials it did not perform
any better than an equivalent mass per unit area of aluminum when used as the bumper of Whipple
shield. In order to apply the protective structure to flexible fabric materials, Multi-bumper shield
(MB shield) [29-31] was presented, as shown in Fig. 4. The total areal density of the bumper is
certain, and the projectile is multi-impacted by increasing the layer number of the aluminum alloy
bumper. Since the thickness of each layer bumper is very small, the mass of debris cloud generated
is very small, and the debris cloud that needs to be intercepted by the subsequent bumper has a
small mass. The aluminum alloy multi-bumper shield concept relies on the projectile and bumper
fragments from the first impact being re-shocked by the second and subsequent bumpers to raise
their thermal states well beyond complete melting. The rear wall deform under the impulsive
loading from the final debris cloud of liquid and vapor generated by the multi-impact process, and
the failure mode of the bumper under the impulsive load is usually petal tear. As shown in Fig. 5,
there will be a lot of craters on the rear wall after projectile impact single aluminum alloy bumper.
However, there are molten aluminum residue and vapor deposited on the rear wall after projectile
impact multi-bumper with the same impact conditions. This shows that multi-bumper can more
effectively shatter, melt and gasify projectile materials [28]. A large number of test results show that
the multi-bumper can provide the same protective performance as Whipple shield with 20% to 30%
lower weight [32]. The full play of the shielding performance of Multi-bumper shield depends on
the long overall spacing available, and short overall spacing can limit the protective capability of

Multi-bumper shield.



Fig. 4. Multi-bumper shield with aluminum alloy as bumpers [27]: (a) Multi-bumper shield; (b)

Protective mechanism of Multi-bumper shield.

Fig. 5. The debris and residue on copper witness plates induced by projectile impacting the single
bumper and multi-bumper respectively [28]: (a) Impact single bumper; (b) Impact multi-bumper.
2.3. Stuffed Whipple shield

In order to provide effective protection for the international space station in a short overall
spacing, the Stuffed Whipple shield (SW shield) was presented, and this shield includes an
aluminum alloy bumper with considerable area density, a flexible intermediate layer combining
fabrics with ultra high tensile strength, and a rear wall [33]. As shown in Fig. 6, the purpose of the
outer aluminum bumper is to shatter the projectile into small pieces as much as possible, and the
intermediate stuffed layer fabrics are used to intercept projectile fragments and aluminum alloy
bumper fragments and further shatter large solid fragments. In addition, the intermediate stuffed
layer can also cause the melting and gasification of solid fragments, and the intermediate stuffed
layer itself does not produce hard fragments, which can lead to further reduction of rear wall
damage. Generally, the spacing between the bumper and the intermediate stuffed layer needs to be
greater than that between the intermediate stuffed layer and the rear wall to ensure that the debris
cloud induced by the projectile impacting the bumper has enough space to expand, which can
increase the area of the debris cloud impact the intermediate stuffed layer and improve the
efficiency of the intermediate stuffed layer in intercepting fragments. The Stuffed Whipple shield

can effectively improve the protective capability of spacecraft within a limited overall spacing.



Solid fragments are
intercepted by stuffed layer

/ / ,\ T+AT

Bumper Stuffed layer Rear wall

Residual mixture impact the
rear wall

(@) (b)
Fig. 6. The Stuffed Whipple shield and its protective mechanism: (a) Stuffed Whipple shield; (b)

Protective mechanism of Stuffed Whipple shield.

3. Bumper materials and protective performance
3.1. Traditional metal materials

Initially, due to the excellent mechanical properties and low cost, metal materials were widely
used in bumpers of Whipple shield, and the aluminum alloy materials were the most studied. The
impact of the projectile on the metal bumper can produce high shock wave pressure, and metal
materials have high crushing capacity for the projectile. Aluminum alloy plate commonly used as
bumper materials include Al6061, Al12024 and AMG-6 [32. 34, 35]. The advantage of aluminum alloy
is that it has high wave impedance, strength and hardness, and high pressure can be induced by
impact. The disadvantage is that the density is higher than that of composite materials such as fiber
fabrics, and the bumper is thinner under the limitation of limited areal density. Thinner bumper is
easier to cause the shock wave in the projectile to be caught up and unloaded by the tensile wave
reflected from the back of the bumper, which can reduce the duration of the shock wave inside the
projectile, resulting in incomplete fragmentation of the projectile. There is a fragments
concentration area at the head of the debris cloud induced by the impact of the projectile on the
aluminum alloy bumper, which is easy to cause perforation of the rear wall. The initial melting
threshold velocity of aluminum alloy is 4.9 km/s and the complete melting threshold velocity is 6.2
km/s, and the initial gasification threshold velocity of aluminum alloy is 9.4 km/s [36, 37].
Therefore, the projectile must impact the aluminum alloy bumper at a high velocity before melting
and gasification of bumper can occur.

Schonberg [38] presented a corrugated aluminum alloy bumper enhanced shield, and the
impact resistance of corrugated aluminum alloy bumper enhanced shield was studied. The results
appears that a significant increase in protection against perforation by hypervelocity projectiles can
be achieved if the traditional monolithic aluminum alloy bumper in a Whipple shield is replaced
with a aluminum alloy corrugated bumper of equal or near-equal weight [39, 40]. Because of flat
front plate of corrugated bumper, if the corrugated bumper is impacted obliquely by a
hypervelocity projectile, a significant amount of damaging ricochet debris will be created. By
removing the front plate and optimizing the rise angle a, creation of ricochet fragments can be

reduced which can destroy external spacecraft subsystems, as shown in Figs. 7(a) and 7(b). The



wave profiles of bumper can affect the direction of fragment spread, which in turn affects the
damage of the rear wall, and designing reasonable waves is essential and cannot be ignored, as
shown in Fig. 7(c) [41].

Fig. 7. The corrugated bumper enhanced shield and its optimization: (a) The corrugated aluminum
alloy bumper before optimization; (b) The optimized corrugated aluminum alloy bumper; (c) The

corrugated bumper with different wave profiles [41].

The damage and failure of titanium alloy and steel under hypervelocity impact were studied
[42-47], and the methodology for orbital debris hypervelocity impact damage mitigation in the
context of spacecraft design was discussed by studying the characteristics of debris cloud [48-51].
From the research results, the protective performance of titanium alloy is lower than that of
aluminum alloy with the same weight, even though its strength is very high. Due to the large density
of titanium alloy, its thickness is small under the same weight, so it cannot be used as a multi-layer
bumper, and this also limits the improvement of its shielding performance. The strength of metals
under hypervelocity impact was generally considered negligible, but the anisotropy of the strength
of magnesium alloys still exhibited in impacts of 3.0 km/s, this caused the anisotropy in the debris
cloud formation [52, 53].

For the traditional metal plate bumper, such as aluminum alloy, titanium alloy and steel plate,
their hypervelocity impact resistance depends on the pressure induced by impact to shatter the
projectile, and the projectile and metal bumper can produce a large number of fragments, which is
favorable to reduce the rear wall damage. The rear wall is easily penetrated by the fragments
concentration area at the head of the debris cloud induced by the impact of the projectile on the
traditional metal plate bumper. In addition, in the velocity range of 3-7 km/s, the fragmentation
caused by projectile impact on the bumper can disperse the energy density on the rear plate caused
by the impact, improving the protective performance of the Whipple shield. However, as the impact
velocity increases, the projectile and bumper materials will melt and vaporize, and the protective
performance of the shield will also decrease with the increase of energy density on the rear plate.
Traditional metal bumper themselves can also produce metal fragments during impact, which limit

the further improvement of its shielding performance. Due to the low cost of traditional metal, it is



widely used in the earlier Whipple shield, but the application proportion of the traditional metal
plate in the bumper of some enhanced shields, such as Stuffed Whipple shield and multi-bumper
shield, is reduced. Most of the traditional metal plates are only used as the first layer bumper of
shield due to the requirements of the external structure of spacecraft.
3.2. Kinetic energy absorbing materials

Sandwich panels have been widely used in aerospace, automotive and national defense
industries because of their superior properties such as high strength, high stiffness, lightweight, low
cost, excellent energy absorption and impact resistance [54-58]. As shown in Fig. 8, sandwich panel
consist of the front faceplate, the back faceplate and the core. There are two most widely used types:
honeycomb sandwich panels and foam sandwich panels. Aluminum honeycomb is superior to foam
honeycomb in specific energy absorption, which is due to the gradual folding of cell walls during
crushing [59], and Aluminum honeycomb is also superior to Aluminum foam in compressive
strength. In order to reduce the weight and meet the strength requirements of spacecraft,
honeycomb sandwich panel was usually used as the load-bearing structure. Especially for
spacecraft such as satellites, the weight or volume restrictions often prevent the inclusion of a
dedicated shield for protection against the impact of orbital debris. In this case, the shield is
generally provided by the primary structure commonly constructed of honeycomb core sandwich
panel. The impact on the front faceplate of the sandwich panel can cause the fragmentation of the
projectile, and the projectile fragments repeatedly impacts the multi-cellular wall of the honeycomb
or foam core, causing the multi-cellular structure to distort, deform and tear, so as to absorb the
kinetic energy of the debris cloud and stop the debris cloud particles. Multiple impacts of projectile
fragments on multi-cellular structures will also cause melting and gasification the projectile and

bumper materials.
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Fig. 8. Honeycomb aluminum, foam aluminum and sandwich panel: (a) Honeycomb aluminum; (b)

Foam aluminum; (c) Sandwich panel.

3.2.1. Honeycomb sandwich panel

However, in contrast to the excellent energy absorption performance under the low velocity
impact, the protective capability of honeycomb aluminum sandwich panel under the hypervelocity
impact is rather poor, although their high specific strength and stiffness are ideal for structural
requirements. After impacting the honeycomb aluminum sandwich panel, the cell walls of

honeycomb restrict the radial expansion of debris cloud. The radial velocity of fragments in the



debris cloud is gradually consumed by penetrating the cell wall, and fragments pass through the
honeycomb core cell with the remaining axial velocity along the cell core. This is called the channel
effect, as shown in Figs. 9(a) and 9(b). The hypervelocity impact experimental results of Whipple
shield with honeycomb aluminum sandwich panel as bumper show that the debris cloud
concentrated in a significantly smaller area, resulting the rear wall to bear more concentrated
impact load and prone to perforation, as shown Figs. 9(d), 9(e) and 9(f). Based on the effective rear
wall thickness, Taylor [60] quantified the decrease in quantified the performance degradation of
Whipple shield, and the results showed that presence of honeycomb aluminum core resulted in a 50%
decrease in Whipple Shield performance. By comparing the impact limit, Ryan [61] studied the
influence of impact angle on the shielding performance degradation induced by the presence of
honeycomb aluminum core, the performance degradation decreases with the increase of impact
angle. The protective effect of the honeycomb core was quantified by Sennett and Lathrop [62], and
they concluding that the thickness of the faceplate is more than twice the honeycomb cell size Dy,
the shielding capability will not increase with the increase of shielding thickness, as shown in Fig.
9(a). In order to reduce the channel effect of honeycomb aluminum on debris cloud, as shown in Fig.
9(c), Ke [63] designed a multi “Y-shaped” honeycomb aluminum core structure, the experimental
results show that the “Y-shaped” core has reliable stability as the bracing structure, and it can
effectively reduce the channel effect on the debris cloud. Warren [64] presented a honeycomb
aluminum sandwich panel shield filled with a shear thickening fluid (STF), and the STF displayed a
marked rise in viscosity with increasing shear rate above a critical shear rate. The experiments
show that incorporation of STF into honeycomb aluminum core has the potential to dramatically
improve the hypervelocity penetration resistance in a large velocity range. Kang [65] investigated
the variation of the critical projectile diameter of honeycomb sandwich panel due to the channeling
effect using smoothed particle hydrodynamics. It is revealed that the size of honeycomb core is the
main parameter that has the greatest influence on the channel, and the critical projectile diameter
varies with the size of the honeycomb core. Ryan and Christiansen [66] investigated the honeycomb
sandwich panel with Nomex honeycomb, 3D aluminum honeycomb, and baseline aluminum
materials as cores respectively through hypervelocity impact experiment, and the 3D aluminum
honeycomb has excellent shielding performance because harmful channeling cells are eliminated by
using the honeycomb composed of aluminum foils rotated at +45°/-45°. Schonberg [67] established
a system of empirical equations to predict the number of perforations, debris cloud trajectory and
spread angle induced by hypervelocity impact on honeycomb sandwich panel. Various ballistic limit
equations of honeycomb sandwich panel were given through experimental and numerical
simulation results [66-70], and the ballistic limit equations were improved by considering the
channel effect and the relative dimensions between the projectile diameter and the honeycomb

geometry [71, 72].



Fig. 9. The plane sketch of honeycomb aluminum congregating debris cloud and the damage of
honeycomb aluminum sandwich panel under hypervelocity impact: (a) The plane sketch of
honeycomb aluminum [60]; (b) The channel effect of honeycomb aluminum congregating debris
cloud [63]; (c) The multi “Y-shaped” honeycomb aluminum core reduces the channel effect [63]; (d)
The honeycomb aluminum sandwich panel shield [66]; (e) The damage of honeycomb aluminum
sandwich panel under hypervelocity impact; (f) The debris cloud induced impacting on honeycomb

aluminum sandwich panel [66].

3.2.2. Foam sandwich panel

Compared with honeycomb core, the foam core has no channel effect under the hypervelocity
impact, so it has better shielding performance. The bumper material of spacecraft shield usually
adopts lightweight materials to meet the requirements of cost saving, and the foam sandwich panel
is a suitable bumper material. A great deal of studied has been done on the low-velocity impact
response of the foam sandwich panel [73-77], and there are relatively few systematic and detailed
studies on hypervelocity impact of foam sandwich panel. Metallic foam, consisting of an metallic
matrix with numerous bubbles, exhibits remarkable performance, for instance, low density, high
specific strength, sound insulation and energy absorption [78-80]. Metallic foam is a functional
material widely used in aerospace, automotive, architecture because of their unique combinations
of mechanical properties [81-83]. As shown in Figs. 10(a) and 10(b), there are two competing
metallic foams: open cell metallic foam and closed cell metallic foam. Although closed cell foam can
retain some residual atmospheres in the cells, which may help to increase resistance to fragment
penetration due to the existence of gas drag, and open cell foam is considered a more promising
technology [84]. Open cell foam is usually lower in weight, and provides higher uniformity than low
density closed cell foam. Ryan and Christiansen [66] have studied the influence of core
characteristics (PPI: pores per linear inch, relative density and thickness) and the thickness of the
faceplate on the shielding performance of the Al6061 foam core sandwich panel, as shown in Figs.
10(c), 10(d) and 10(e). The results show that the performance of foam core sandwich panels is

expected to increase with increasing relative density; however, the rate of performance increase is



considerably less than would be gained through adding weight to the panel faceplates; The
performance of the foam core panels increased with increasing thickness, even minimal increase in
the thickness of the back faceplate can substantial improve the protective capability, and the
thickness of the front faceplate has little effect on the failure limit. Ryan and Christiansen [85-87]
investigated the performance of metallic, ceramic, and amorphous foam sandwich panels as
components of the shielding configurations according to the experimental results of projectiles
hypervelocity impact on double-foam bumper shield. As shown in Fig. 11, the shielding capability of
the various foam materials were ranked by the statistical analysis of the rear wall failure modes, and
the result as follow (from best-to-worst): titanium > stainless steel > copper > aluminum >
reticulated vitreous carbon (RVC)> silicon carbide > chromized nickel/chromium > nickel.
Destefanis and Schaefer [89, 90] evaluated the alternative configurations with open-cell aluminum
foam sandwich panel as bumper for the International Space Station (ISS) Columbus module
shielding, and the authors concluded that the foam configuration was vulnerable to impact of large
projectiles with diameter larger than 1 cm at low velocities (<3 km/s), as the aluminum foam
sandwich panel was unable to induce projectile fragmentation effectively. The damages and failure
impact limits of foam aluminum sandwich panel shield were given by Yasensky and Christiansen
[91]. Klavzar [92] studied the ballistic performance of hybrid metal foam sandwich panels under
hypervelocity impact, and the protective performance of composite foam can be further optimized
by reducing the thickness of the coating and using high-performance aluminum alloy as the base of
the hybrid foam. Pasini [93] compared shielding performance of open cell aluminum foam sandwich
panel shield and quadruple-layer aluminum alloy bumper shield, and the effect of projectile size on

the damage process and dynamic response of foam core was studied.
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Whipple shield.
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carbide foam [90].

For low velocity impact, to further improve their impact resistance, some researchers
introduced the density gradient of graded foam as a core in the sandwich panel, finding that the
negative density gradient of core assuredly improves the energy absorption capability of the panel
[94-96]. As shown in Fig. 12, the shielding performance of the sandwich panel with density
gradient foam core and single pore density foam core were compared by Ryan and Christiansen [66].
The results show that the sandwich panel with density gradient foam core 40/20/5 PPI was similar
to the single pore density sandwich panel (40 PPI), and shielding performance of the sandwich
panel with density gradient foam core 5/20/40 PPI configuration lower than the 40/20/5 PPI

configuration.
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thick porous target; (d) Foam core structure, 20 magnification.

As shown in Fig. 13, comparing the shielding performance of single honeycomb aluminum
sandwich panel and single foam aluminum sandwich panel [66], the results show that due to the
absence of channel effect, the shielding performance of ordinary foam aluminum sandwich panel
shield is clearly superior to that of honeycomb aluminum sandwich panel shield with the same total
areal density at both normal and oblique incidence, and is comparable to Whipple shield.
Comparing the shielding performance of dual honeycomb aluminum sandwich panels and dual
foam aluminum sandwich panels [98], the dual foam aluminum sandwich panel shield was found to
provide a 15% improvement in critical projectile diameter at low velocity (3 km/s) and a 3%
increase at high velocity (7 km/s) at normal incidence, and the improvement increase with the
impact angle increase. There was clear evidence of projectile melting below 3.29 km/s for the dual
foam aluminum sandwich panel shield, and the melting threshold was significantly reduced.
Although sandwich panels have the advantage of high strength mass ratio, light weight and high
efficiency energy absorption, a large space will be occupied for sandwich panel as bumper. When
vertically impacting the honeycomb sandwich panel, the “channel effect” can cause fragments
accumulation, but under oblique impact, the cell wall will form multiple impact loads on the
projectile. Therefore, the honeycomb sandwich panel performs better under oblique impact than
under normal impact. Therefore, changing the honeycomb core structure is the main direction for
optimizing the protective performance of the honeycomb sandwich panel. The foam core of the
foam sandwich panel can better absorb the debris cloud, and its protective ability is better than that

of honeycomb aluminum. The combination of honeycomb cores with different densities and the



optimization of foam core structure are the development direction of improving the protective
performance of foam sandwich panel. Under conditions of constant relative density, the protective
performance of foam sandwich panels improves as the cell size of the open-cell foam decreases [97].
In addition, the perforation of the rear wall of dual sandwich panel shield also shows that the
sandwich panel itself will still produce solid fragments [98], which is unfavorable to reduce the

damage of the rear wall.
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Fig. 13. Comparison of damage and ballistic limit curves of sandwich panels with honeycomb
aluminum and foam aluminum as core respectively: (a) Damage of honeycomb aluminum and foam
aluminum sandwich panels under normal impact [66]; (b) Damage of honeycomb aluminum and
foam aluminum sandwich panels under oblique impact [66]; (¢) Comparison of ballistic limit curves
of single honeycomb sandwich panel shield, single foam aluminum sandwich panel shield, and
Whipple shield with the same total areal density [98]; (d) Comparison of ballistic limit curves of
dual honeycomb sandwich panel shield and dual foam aluminum sandwich panel shield with the

same total areal density [98].

3.2.3. Potential energy absorbing materials

The lattice mechanical metamaterials are featured with extraordinary specific stiffness,
specific strength, energy absorption, and demonstrate promising industrial applications potentials
in aerospace, transport, and biomedical sections. A number of energy absorbers with different
lattice structures such as lattice-walled structure [99], pyramid structure [100], lattice and bone
structure [101], graded cell-wall structure [102]and rational gradient structure [103] have been

proposed in recent years, as shown in Figs. 14(a), 14(b) and 14(d). Metamaterials achieve



controllable deformation behavior and graded compression by designing geometric lattice
structure for generating programmable energy absorption performances. To further improve
energy absorption capacity, scientists and engineers have tried to learn from biological structures
which, through years of evolution, have optimised their structure to improve the energy absorption
efficiency under extreme mechanical conditions [104], as shown in Fig. 14(c). The better
mechanical properties and energy absorption performances make it suitable for the application of
protective devices. At present, there are few studies on the protection of lattice materials against
hypervelocity impact [105], and most of them are applied to the energy absorption of low velocity
impact. Using the metamaterials with excellent impact resistance cellular structures as the core
material of sandwich panel can improve the hypervelocity impact protective performance of

sandwich panel.
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Fig. 14. Efficient energy absorbing metamaterials: (a) Lattice-walled metamaterial [99]; (b)
Pyramid structure lattice metamaterial [100]; (c) Pomelo peel-inspired metamaterial [101]; (d)
Rational gradient lattice metamaterial [102]; (e) Miura origami metamaterial [103]; (f) Graded

cell-wall origami metamaterial [104].

Origami structures have received wide attention in the area of mechanical metamaterials due
to the characteristics of large plastic deformation and high energy absorption [106], and it can be
transformed into complex geometrical structures through coordinated folding. The force
transmission of origami materials in out-of-plane compression and origami beams in bending can
be achieved by adjusting fold parameters, which is favored in the design of protective structures
[107]. The research shows that the origami core degradation of origami sandwich panel and friction
play an important role in energy absorption under low velocity impact. The impact and explosion
energy absorption of the optimized origami sandwich panel are better than that of aluminum
honeycomb sandwich panel [108]. Lattice and origami metamaterials are potential energy
absorbing materials for bumper of spacecraft shield, and research on hypervelocity impact
characteristics of metamaterial bumper need be carried out to verify its energy absorption
efficiency in hypervelocity impact. In addition, more hypervelocity impact testing on designed

structures is needed.



Smirnov [109, 110] presented the thin walled gas-filled and fluid-filled shields. For the gas
filling between the bumper and the rear wall, the deceleration effect of the gas on the debris cloud is
not significant, but it can increase the impact area of the debris cloud on the rear wall, effectively
dispersing the energy of the debris [111, 112]. In addition, gas can also heat the fragments in debris
cloud, melting them into droplets. Droplets break down into small droplets under atmospheric
action, and the energy of debris clouds is converted into gas internal energy. However, it should be
noted that the shock wave overpressure formed when the atmospheric density is high may cause
greater damage to the sealed container. For liquid filled shields, deceleration of fragment cloud
takes place much faster in fluid than in gas, thus releasing energy more close to the front wall, which
could cause its irreversible deformations and breakup. The findings showed that as the fragment
slows down, its kinetic energy is converted into internal energy within the surrounding fluid,
leading to the formation of diverging blast waves inside the containment. The density of the fluid
affects deceleration and shockwave strength. Although filling with gas and liquid can improve the
hypervelocity penetration resistance of spacecraft orbital debris shielding components over a broad
range of impact velocities, however, the damage to the bumper and rear wall is closely related to the
velocity and size of the projectile [113], especially the shock wave caused by the higher velocity and
lager projectile can cause the breakup of the containment.

3.3. Regulating and controlling shock wave propagation materials

The change of internal material structure can optimize the interaction process between the
projectile and the bumper to improve the impact resistance. This kind of materials can change the
propagation path of shock wave in the projectile by changing materials physical properties, and
increase the loading duration of shock wave in the projectile. The longer duration of the shock wave
induced by impact can cause the longer duration tensile wave reflected from the back of the
projectile, and the projectile will suffer a longer tensile effect. The projectile will be shattered into
smaller fragments under the longer tensile effect. The projectile fragments in the debris cloud are
evenly distributed to reduce the concentration of fragments in the head of debris cloud. In addition,
increasing the duration of shock wave can increase the internal energy of the projectile, making the
projectile more prone to melting and gasification.

Due to the high density of steel, it is not suitable for bumper materials with limited weight.
Metal plate is a continuous material, and metal mesh is a discontinuous material. By removing
excess bumper material, the mesh bumper is as capable of disrupting a projectile as a heavier
continuous bumper. The mesh bumper is composed of overlapping wires in a square pattern. At the
overlapping position of the wire, the thickness of the bumper is double the diameter of the wire,
and the localized mesh areas with greater bumper thickness are created effectively [114]. These
thick localized mesh areas can increase the duration of shock wave propagation in the projectile,
which causes the projectile to be shattered into more small fragments. The damaging secondary
external fragments induced by the metal mesh bumper are less. As shown in Fig. 15, the ratio S/D of
the wires diameter “D” and spacing between the wires “S” has an important influence on the
perforated hole and the debris cloud. Decreasing the spacing and increasing the wires diameter can
reduce perforation diameter, and decreasing the spacing and increasing the mesh density can
increase the contact between the mesh and the debris cloud, which can improve the shielding
performance [115]. Metal mesh bumper can reduce the velocity of center of mass of the debris

cloud and increase the radial expansion velocity of debris cloud more effectively than metal



continuous bumper [116], however, with the increase of thickness, debris cloud will be highly
concentrated in the axial direction [117]. As is shown in Fig. 16, the single mesh bumper displays
unfavorable mass dispersion, but the undesirable fragment clusters characterizing the debris clouds
of single mesh penetrations may be eliminated readily by use of multiple meshes. Aluminum alloy
can also be used as the materials of metal mesh bumper. Christiansen [118] first presented the
mesh double-bumper shield. One of such concepts, the mesh double-bumper shield, is a highly
efficient method to provide protection from meteoroid and orbital debris impacts. Hypervelocity
impact testing of the mesh double-bumper shield have demonstrated weight savings of
approximately 30% to 50% at light-gas gun velocities compared with conventional aluminum
Whipple shield at normal impact angles. Even larger weight savings, approximately 70%, have been

achieved at 45° oblique angles.

s

(b
Fig. 15. The corrugated bumper enhanced shield and its optimization [115]: (a) Dimension of a

mesh; (b) Perforated holes of mesh targets.



Fig. 16. The debris cloud induced by projectile impact the metal mesh bumper [117].

Inspired by fish scale armor [119-121], Kim [122] presented a flexible metal bumper
composed of thin steel sheets through finite lamination, namely “dragon skin”, and it can provide an
effective flexible bumper for space inflatable or expandable structures in space, as shown in Fig. 17.
The thin steels with dense were material introduced to alleviate the decrease of the bumper
performance induced by the accumulation of fragments owing to the dragon skin bumper shape
effect. The overlapping of steel sheets can increase the duration of shock wave loading and form
twice or even three times the projectile fragmentation effect. The supporting layer location and
bumper shape effect can contribute significantly to the bumper performance. Due to the high
density of steel, it can be inferred that the thickness of dragon skin is small under the finite area
density limit, and the steel dragon skin itself will produce fragments under impact, which are its

weaknesses in application to protection.
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Fig. 17. “Dragon skin” flexible metal bumper composed of thin steel sheet [122]: (a) “Dragon skin”
flexible metal bumper; (b) Arrangement of thin steel sheets constituting flexible metal bumper; (c)

Numerical simulation of debris cloud induced by hypervelocity impact on flexible metal bumper.

Impedance-graded materials are a kind of heterogeneous materials with continuous or quasi
continuous changes in structure and composition, resulting in the properties gradually change
according to the change of structure and composition are obtained. The material with continuous

impedance gradient change can significantly improve the wave impedance matching effect of



heterointerfaces, and impedance-graded materials were often used to reduce and absorb the energy
of explosion wave, acoustic wave and electromagnetic wave [123-127]. Riney [128] studied the
hypervelocity impact resistance of a laminated metal plate. It is considered that the shielding
performance depends on the areal density of bumper, and the increase of impact pressure is only
subordinate. By studying the characteristics of debris cloud induced by hypervelocity impact on
W/Ti and Ti/W bumpers, Stilp [129] believed that the change of shock wave propagation law
caused by impedance gradient is the main factor to change the impact resistance. As shown in Fig.
18, Zhang and Gong [131-134] had carried out a large number of experimental and simulation
studies on Ti/Al and Ti/Al/Mg impedance-graded materials, the results show that the shock
impedance mismatch of the impedance-graded materials bumper can change the propagation of
shockwave. Wen and Chen [135] considered that the multiple reflection and transmission of shock
wave at the heterointerfaces in the bumper cause the increase of shock wave duration in the
projectile, which is helpful for shattering the projectile and increasing the expansion angle of the
debris cloud to make the fragments distribution more uniform in debris cloud, and this improve
performance of the Ti/Al and Ti/Al/Mg shield. Zheng and Zhang [136] studied the phase transition
of impedance gradient materials under hypervelocity impact, and impedance-graded bumper can
make the debris cloud more prone to melting and gasification. Bumper materials with low melting
and gasification threshold velocity are helpful to improve the shielding performance. For
impedance-grade materials, the disadvantage is that it is difficult to manufacture, especially
continuous impedance-gradient materials, and there are a large number of fragments induced by

impedance-grade materials itself.
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Fig. 18. The hypervelocity impact characteristics of Ti/Al/Mg impedance-graded composite
enhanced Whipple shield: (a) Ti/Al/Mg impedance-graded composite enhanced Whipple shield
[130]; (b) SEM diagram of Ti/Al/Mg impedance-graded bumper [133]; (c) The shock wave
propagation induced by projectile impact on impedance-graded bumper [131]; (d) Comparison of
the shock wave pressure induced by projectile impact on impedance-graded bumper and Al2024
bumper respectively [132]; (e) Comparison of the rear wall damage induced by projectile impact on
impedance-graded bumper and Al2024 bumper respectively [134]; (f) Comparison of the debris
cloud induced by projectile impact on impedance-graded bumper and Al2024 bumper respectively
[134].

3.4. High hardness materials

The impact of projectile on high hardness material can produce higher shock wave pressure,
and the stronger compressive stress and tensile stress can shatter the projectile more effectively.
The debris cloud induced by the projectile impacting on the hardness materials has a high
expansion velocity, and the size of the fragments in the debris cloud is small. High hardness
materials generally have high brittleness and are prone to fracture and fragmentation under

hypervelocity impact, which will also consume a lot of kinetic energy of the projectile.



3.4.1. Amorphous alloy materials

Due to unique physical and mechanic properties, amorphous alloys have greater advantages
compared with the traditional aluminum alloy. The strength of amorphous alloys is extremely high,
usually higher than 1 GPa, even approaches the theoretical limit [137-139]. For Fe-based
amorphous alloys, the report shows that its strength is 3-5 GPa [140]. Although the density of
Fe77Si19B4 amorphous alloy 7.2 g/cm3is greater than 2.78 g/cm3 of Al2024, the 3GPa strength of
Fe77Si19B4 amorphous alloy is much greater than 340 MPa of Al2024, the strength to mass ratio of
Fe77Si19B4 amorphous alloy is three times that of Al2024. Huang and Dai [141] studied the
hypervelocity impact characteristics of Whipple shield with Fe77Sii9sB4 amorphous alloy reinforced
bumper, and discussed the shock wave propagation in the projectile and bumper, as show in Figs.
19(a) and 19(b). It is found that the amorphous alloy reinforced bumper can lead to higher shock
pressures and higher temperature rise in the projectile, and the protective capability of Whipple
shield was improved. Hofmann and Hamill [142, 143] studied high velocity impact testing of the
ZrTiCuNiBe and TiZrNbCuBe amorphous alloy bumper. The results showed that the materials had
good hardness and toughness, which can resist spalling caused by impact, and the amorphous alloy
bumper has better performance in replacing the woven material filling layer of the Stuffed Whipple
shield, as shown in Figs. 19(c) and 19(d). Zhong [144] studied the crack propagation and shear
fracture of (Tiz731Zr22.75Be26.39Alas5Cu9)94Cos high-entropy bulk metallic glass (HE-BMGs) under
dynamic mechanics, obtained constitutive model parameters, and verified the effectiveness of the
model through perforation and debris cloud obtained from hypervelocity impact. Further

comparative experiments are needed to prove the protective performance.
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Fig. 19. Amorphous alloy spray reinforced bumper: (a) Fe77Si19B4 amorphous alloy spray reinforced
bumper [141]; (b) Shock wave propagation of projectile impacting amorphous alloy spray
reinforced bumper [141]; (c) ZrTiCuNiBe amorphous alloy bumper [142]; (d) TiZrNbCuBe
amorphous alloy bumper [143]; (e) (Ti3731Zr22.75Be26.39Al4.55Cu9)94Cos HE-BMGs [144].



3.4.2. Ceramic-metal materials

Ceramics are nonmetallic inorganic materials, composed by metallic and nonmetallic elements
connected by strongly interacting ionic and/or covalent bonds, as shown in Fig. 20. The ceramics
have the potential for ultra-high hardness, resistance to catastrophic failure, high strength, light
weight and low thermal expansion. Ceramics were usually used as protective structure materials for
armored vehicle to enhance the capability of armor to resist penetration [145-150]. The research

on ceramics mainly focused on the penetration resistance to long rod projectile.
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Fig. 20. Type of bonds in ceramics: (a) lonic bond (NaCl); (b) Covalent bond (SiC).

Due to the ultra-high hardness, the long-rod projectile with a lower impact velocity can be
forced to flow radially on the surface of ceramic plates for a period of time without significant
penetration, and this process is called interface defeat [152-155], as shown in Fig. 21(a). The
ceramic armor not only had the high efficiency protection ability to the projectile with low velocity
(1.5-1.8 km/s), but also had the favorable penetration resistance to the projectile with
hypervelocity [156, 157]. Ceramics are brittle materials, which will be seriously damaged induced
by shattering and fracturing under the strong impact load, and low tensile strength and low
toughness limit the application of ceramics in impact resistance. The failure area (failure wave)
caused by compression fracture in the ceramic target is located in front of the interface between
projectile and target during the impact progress, resulting in the decrease of target resistance. The
failure wave velocity will increase with the increased of impact velocity, which leads to the
decreasing of penetration resistance with the increasing of projectile velocity [158-160]. This is an
unfavorable factor for the impact resistance of ceramic materials. In order to improve the fracture
strength of ceramic, ductile metal was used as backing layer of the ceramic to form ceramic-metal
composite with high hardness and high strength of ceramic properties and high tensile strength and
high toughness of metal properties [161-163], as shown in Fig. 21(b). The backing ductile metal
layer can delay the formation of ceramic fracture failure from the interface between ceramic layer
and metal layer, and it will inhibit the fracture extent of ceramic under hypervelocity impact, which
can improve the impact resistance of ceramic, as shown in Fig. 21(c). Because the ceramic layer will
produce higher pressure on the projectile than Al2024 bumper, the projectile will be shattered and
decelerated by the ceramic layer bound by the metal layer, and the metal backing layer keeps the
fractured ceramic in its place and absorbs the residual energy of the projectile [164, 165], as shown
in Fig. 21(d).
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Fig. 21. Behavior Comparison of ceramic and ceramic-metal composite under the hypervelocity
impact: (a) The Interface defeat induced by the penetration of long rod projectile into ceramic
target [151]; (b) The Whipple shield with ceramic-metal composite as bumper [169]; (c)
Comparison of bumper fracture induced by projectile hypervelocity impacting on ceramic and
ceramic metal bumper respectively, 6 mm projectile, 7 km/s [169]; (d) Comparison of shock wave
pressure inside the projectile induced by projectile hypervelocity impacting on Al2024 and ceramic

metal bumper respectively, 6 mm projectile, 7 km/s [169].

Japan Aerospace Exploration Agency (JAXA) used silicon nitride ceramic as thruster material to
resist the hypervelocity impact of micro meteoroids to the thruster of Venus probe [166]. In the
hypervelocity impact experiments, there was no fatal fracture of silicon nitride ceramic components.
The penetration limit equation was determined using crater depth results under the different
impact conditions [167], and the fracture pattern of the silicon nitride subjected to hypervelocity
impact can be predicted. Li et al. [168] studied the effect of temperature on hypervelocity impact
resistance of SiC ceramic. Low temperature will lead to new micro-cracks in SiC ceramic, resulting
in smoother fracture and reduced damage areal. Ren and Zhang et al. [169] investigated the
hypervelocity impact resistance behaviors of NbC/Al2024 ceramic-metal composite. Compared
with single NbC bumper and Al2024 bumper, NbC/Al2024 ceramic-metal bumper can increase the
expansion velocity of debris cloud and reduce the head velocity of debris cloud. NbC ceramic layer

can increase the shock wave pressure in the projectile, resulting in shattering the projectile into



smaller fragments and the melting and gasification of more projectile materials, as shown in Fig.
22(a). The shielding performance of The TiBz/Ni and B4C/Al ceramic-metal Whipple shields were
compared with that of aluminum alloy Whipple shield by Huang et al. [170, 171]. As shown in Figs.
22(b) and 22(c), the results show that the TiB2/Ni and B4C/Al ceramic-metal bumpers has better
fragmentation effect on projectile, and can disperse debris cloud more effectively. The toughening
effect of the metal of the ceramic-metal composite plays an important role in avoiding bumper
failure induced by shock wave of hypervelocity impact. As shown in Fig. 22(d), Cherniaev et al. [172]
developed SiC/Al6061 ceramic-metal bumper to enhance the Whipple shield, and they studied the
debris cloud motion progress. They concluded that the optimal impedance matching realized by
adjusting the mass fraction of ceramic layer can improve the shielding ability of ceramic-metal
bumper. The SiC/Ti ceramic-metal composite was developed to resist the hypervelocity impact, and

it showed excellent shielding performance [173].

2000 um
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Fig. 22. Perforations and debris clouds of ceramic-metal bumper under hypervelocity impact: (a)
NbC/Al2024 bumper, 4 mm projectile, 6.93 km/s [169]; (b) TiB/Ni bumper, 3 mm projectile, 7.22
km/s [170]; (c) B4C/Al bumper, 3 mm projectile, 6.44 km/s [171]; (d) SiC/Al6061 bumper, 1 mm
projectile, 7 km/s [172].

3.5. High tensile strength materials

High tensile strength materials can withstand high tensile stress without fracture, and have
excellent interception effect to solid fragments. In particular, the tensile strength of low-density
fiber fabrics are several times that of aluminum alloy. As an intermediate stuffed layer, it can
effectively intercept the fragments produced by the projectile impacting the previous layer bumper.
More importantly, the fiber fabrics itself do not produce hard solid fragments.
3.5.1. Mesh reinforced aluminum matrix materials

Aluminum alloy is the optimal bumper material among metal materials. Its density and
strength are desirable, but its protective capability needs to be further improved. In order to
improve the hypervelocity impact resistance of aluminum alloy, the hypervelocity impact
experiments using the SiC, SiOz, borate whisker, graphite fiber, and glass fiber reinforced aluminum
matrix composite metal as bumper were carried out [174-179]. However, the ballistic performance
of these improved bumpers did not effectively improve the protection capability of Whipple shield.

Mesh reinforced aluminum matrix composite metal enhance the mechanical properties by adding



metal meshes wires to aluminum alloys, especially the tensile strength increases greatly. The
addition of metal meshes hinders effective the penetration of hypervelocity projectile, and it also
eliminates the adiabatic shear bands for aluminum alloy matrix, which can increase the failure
stress of aluminum alloy. For example, the shear strength of Al6061 can be significantly improved
by adding NiTi mesh [180], and AlsSi3Cu alloy can obtain a high bending strength as 431 MPa by
adding steel wire meshes [181]. These reports indicated that the improvement of strength and
ductility as well as an excellent interfacial strength can be obtained by adding metal fibers.

Sun and Guo [183-185] developed a Ti-6Al-4V meshes reinforced aluminum alloy matrix
composite bumper, and which damage behaviors impacted by hypervelocity aluminum projectiles
were investigated, as shown Fig. 23(a). Results showed that Ti-6Al-4V meshes can disperse the
applied load at the impact point effectively, and the number of dislocations density increases
obviously leading to more energy consumption, as shown Figs. 23(b), 23(c) and 23(d). The
Ti-6Al-4V meshes reinforced aluminum alloy matrix composite bumper exhibits better protection
efficiency and energy absorption ability than aluminum alloy bumper. However, the research
mainly focused on the micro analysis of the damage of the bumper. It is necessary to carry out
ballistic impact experiments on the Whipple shield with the Ti-6Al-4V meshes reinforced
aluminum alloy matrix composite as bumper to verify the protective capability. This material still
does not effectively solve the problem of fragments generated by the bumper itself. In addition, the

material has no advantage in lightweight as the foam sandwich panel and aluminum mesh.
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Fig. 23. Micro-damages in the vicinity of the crater for Ti-6Al-4V mesh reinforced Al-6Mg alloy

matrix composite metal under the hypervelocity impact: (a) Cracks in region and shear bands in
Al-6Mg alloy [182]; (b) SEM microstructure of radial section of Ti-6Al-4V mesh reinforced Al-6Mg
alloy matrix composite metal after impact [183]; (c) SEM microstructure of the cross section of the
region around the crater after impact [184]; (d) Ti-6Al-4V mesh reinforced Al-6Mg alloy matrix
composite metal impacted by Al projectile with the diameter of 2 mm and the velocity of 3.79 km/s
[185].



3.5.2. Fiber fabric

Fabrics based on high-performance fibers are among the advanced materials used in modern
protective structure designs due to their light weight, tensile strength, toughness, and resistance to
impact damage [186-190]. For example, Kevlar fiber [191-193] and ultra-high molecular weight
polyethylene (UHMWPE) [194, 195] are widely used in helmet and body armor to resist the
penetration of projectile. The advances in fiber properties have greatly improved the impact
resistance of fiber materials, and protective structure can resist stronger impact with lighter weight
compared with traditional metal materials. The strength and tensile modulus of Kevlar, Nextel,
Carbon T300, Vectran, Basalt, UHMWPE are much higher than that of Al6061, with the density is
smaller or equal to that of Al6061. This makes the fiber material have a higher ratio of strength and
mass. Capturing a projectile by the fabric is essentially an energy conversion between the projectile
and fabric through a combination of various energy absorption mechanisms, which include yarn
decrimping, stretching, breakage, and pull-out.

Kevlar is a high molecular polymer fiber polymerized by p-phenylenediamine and p-benzoyl
chloride, and Nextel is a ceramic fabric consisting of 62.5 wt% Al203, 24.5 wt% SiOz and 13 wt%
from B203. Rudolph and Schafer [196] carried out hypervelocity impact tests on Kevlar and Nextel
fabric bumpers, and analyzed the debris cloud and rear wall damage, as shown in Fig. 24. The
shielding performance of Al5056, Kevlar and Nextel is compared by counting the radius of largest
penetration and sum of all penetration areas of the rear wall. The debris clouds induced by
impacting on Kevlar and Nextel bumper show the serrated front, and present the more efficient

dispersion of projectile fragments than aluminum alloy.

(a)

(©)
Fig. 24. Nextel and Kevlar fiber fabrics and their debris clouds [196]: (a) Kevlar fiber fabric; (b)
Nextel fiber fabrics; (c) The debris cloud induced by hypervelocity impact on Kevlar fiber fabric; (d)
The debris cloud induced by hypervelocity impact on Nextel fiber fabric.

The multi-bumper flexible shield was used to protect the Comet Nucleus Tour spacecraft from
meteoroids hypervelocity impact when flying over three comets at a distance of 100 km. The
multi-bumper flexible shield was composed of multi-layer Nextel bumper and rear wall, and the
overall spacing was 20 cm, which saves 50% of the weight compared with Whipple shield with the

same protective capacity [197], as shown in Figs. 25(a) and 25(b). However, since the overall



spacing available for Space Station module protection is short (S=~11 cm and S/d<11), the
multi-bumper shield are not as effective. In order to improve the protection capability of Space
Station modules with the limited overall spacing, Johnson Space Center [33] develop a
Nextel/Kevlar Stuffed Whipple shield, which includes a flexible blanket combining Nextel ceramic
fabric and Kevlar fabric between the aluminum alloy bumper and rear wall of the Whipple shield.
This shield includes an Al6061 bumper (2 mm thickness), a flexible intermediate layer combining
Nextel ceramic fabric (6 layers) and Kevlar fabric (6 layers), an Al2219 rear wall (4.8 mm thickness),
the overall areal density of the shield is 2.705 g/cm?, and the overall spacing is 11.4 cm. This
Nextel/Kevlar Stuffed Whipple shield can defeat the impact of projectile with maximum diameter of
1.45 cm at the velocity of 4-7 km/s. The Nextel ceramic fabric can shatter projectiles into smaller
pieces than aluminum alloy, and Kevlar can more effectively reduce the velocity of debris cloud than
aluminum alloy. Furthermore, the particle size within the debris cloud induced by the Nextel /Kevlar
fiber stuffed layer itself is smaller than that of the aluminum alloy bumper, which results in less
damage to the rear wall compared with the larger fragments produced by impacting on aluminum
bumpers. This Nextel/Kevlar Stuffed Whipple shield was widely applied in the International Space
Station (ISS) [197], and the Figs. 25(c) and 25(d) show the typical shields protecting
cylinder/conical areas of U.S. modules [198], ESA Columbus [199] and NASDA Japanese
Experimental Module [200, 201] and their ballistic limit curves. ESA configuration has the highest
protective capability, which is caused by different areal density of Nextel/Kevlar stuffing layer and
larger overall spacing of ESA configuration (ESA configuration is 13 cm, NASA and NASDA
configurations are 11.4 cm). These three configurations have excellent shielding performance,
which can effectively protect the spacecraft from the damage induced by the impact of the projectile
with diameter larger than 1 cm with the velocity of 4-7 km/s. Christiansen [32, 202] gave the
ballistic limit curve of Nextel/Kevlar Stuffed Whipple shield. A liquid crystal polymer fiber Vectran
was developed by Japan [203], and it has the same shielding capability as Kevlar, which was verified

by hypervelocity impact experiments.



Fig. 25. Nextel/Kevlar multi-shock shield and ISS Nextel/Kevlar Stuffed Whipple shield [197]: (a)
Nextel/Kevlar multi-shock shield; (b) The ballistic limit curve of Nextel/Kevlar multi-shock shield;
(c) ISS Nextel/Kevlar Stuffed Whipple shield; (d) The ballistic limit curve of Nextel/Kevlar Stuffed
Whipple shield.

Destefanis and Schafer et al. [204, 205] were funded by the European Space Agency (ESA) to
improve and optimize the shield of the Columbus modulus of the ISS. The Columbus Stuffed
Whipple shield is shown in Fig. 26 (a), and the stuffed layer made from Nextel fabric and Kevlar
fabric impregnated with Epoxy resin. The total area density of The Nextel/Kevlar-Epoxy Stuffed
Whipple shield is 3.2 g/cm? and the total spacing is 13 cm. It can provide protection against the
impact of 14.5 cm diameter projectile with the velocity of 6.5 km/s. Another configuration was to
convert the intermediate stuffing into aluminum foam and Kevlar 2D with the total area density and
overall spacing are equal to the Nextel/Kevlar-Epoxy configuration, and the Al-foam Kevlar 2D
configuration can show shielding performance comparable to that of Nextel/Kevlar-Epoxy
configuration by comparing ballistic limit curve, as shown in Fig. 26(b). The results show that both
Nextel/Kevlar-Epoxy configuration and Al-foam Kevlar 2D configuration can resist the impact of
projectiles with the = 1 cm diameter in the velocity range of 2-7 km/s. The Nextel and Kevlar fabric
were applied to the Stuffed Whipple shield of Automated Transfer Vehicle (ATV) [206], the first
layer bumper was the Beta fiber cloth, and the shielding performance of this shield is better than

the Whipple shield without intermediate stuffing layer.



Fig. 26. The Stuffed Whipple shields for Columbus cabin and ballistic limit curves: (a) The Stuffed
Whipple shield for Columbus cabin [204]; (b) The ballistic limit curves [205].

Basalt fiber is a continuous fiber drawn from natural basalt, and the application of basalt fiber
is more and more widely in engineering due to its increased advantages in terms of physical
properties and environmental cost [207-210]. Basalt fibers were usually used in combination with
Kevlar fiber to obtain stronger properties [211, 212]. As shown in Fig. 27(a), the Beta cloth, Basalt
and Kevlar fabrics was applied to the Whipple shield of Chinese Space Station [213, 214], and Beta
cloth, Basalt and Kevlar fabrics as the bumper of shield. The Stuffed Whipple shield used Beta cloth,
Basalt and Kevlar fabrics as the intermediate stuffing layer is comparable to both the ESA Columbus
module debris shield and the NASA Stuffed Whipple shield, and a new ballistic limit equation (BLE)
was derived from the available experimental data for the Stuffed Whipple shield, as shown in Fig.
27(b). Ke and Huang et al. [215, 216] studied the shielding performance of Stuffed Whipple shields
with a variety of Aramid/Basalt fibers as intermediate stuffing layer, as shown in Figs. 27(c), 27(d)
and 27(e). The influences of the intermediate stuffing layer positions on the shielding performance
were relative with the fiber materials of intermediate stuffing layer. The adhesion degree between
Basalt ceramic and Aramid fiber has a great influence on its shielding performance, and excessive

adhesion will reduce the ability of the stuffing layer to absorb the kinetic energy of debris cloud.
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Fig. 27. Hypervelocity impact characteristics of the Stuffed Whipple shield with Basalt/Kevlar as
intermediate stuffing layer: (a) The Chinese Space Station Stuffed Whipple shield with
Beta/Basalt/Kevlar as intermediate stuffing layer [213]; (b) The ballistic limit curve of Chinese
Space Station Stuffed Whipple shield [214]; (c) The Stuffed Whipple shield with Basalt/Kevlar as
intermediate stuffing layer; (d) The damage of Basalt/Kevlar intermediate stuffing layer [215]; (e)
The debris cloud impacting on the Basalt/Kevlar intermediate stuffing layer [216].

Carbon fibers have been used widely in aerospace and other industries due to their ultra-high
modulus and tensile strength with the low densities [217-219]. In order to improve the thermal
expansion of carbon fiber, interlayer properties, carbon fibers were compounded with other
materials to form materials, such as carbon fiber reinforced polymer matrix materials and carbon
fiber/PEEK materials [220-222]. They contain carbon fiber and other materials as reinforcement
so that the properties of the materials can be better balanced by taking advantages of different
reinforcing materials. Cherniaev and Garcia [223, 224] studied the behavior of carbon fiber
fabricated by filament winding under the orbital debris hypervelocity impacts by experiments and
simulations, as shown in Figs. 28(a), 28(b), and 28(c), and experimental results revealed that the
following parameters: impact energy, pre-loading, and the degree of interweaving of filament bands
have an obvious influence on the damage induced by orbital debris impacts. Xie and Xue [225-227]
et al. found that the impact resistance of carbon matrix reinforced with carbon fibers materials
increases after a single heating ramp from 25 °C to 1206 °C, and the corresponding residual
strength after the hypervelocity impacts increased by 47%. Matrix cracking and fiber breakages to
spallation and delamination along the impact direction are the main damage modes. Lamontagne
and Manuelpillai et al. [228, 229] carried a series of hypervelocity impacts on carbon fibre/PEEK

materials, and the results show that the damage and debris cloud of carbon fibre/PEEK materials is



independent of projectile density, rather dependent on diameter. Taylor et al. [230] determined the
ballistic limit of a carbon fiber reinforced plastic faceplate with 1.6 mm thickness bonded to 45 mm
aluminum honeycomb core by hypervelocity impact experiments. As shown in Fig. 28 (d), the
nano-carbon fiber in epoxy matrix composite was used as the bumper and rear wall of Whipple
shield for hypervelocity impact by Khatiwada et al. [231], the results show that nano-carbon fiber
in epoxy matrix composite perform better as rear walls than the aluminum, but are lesser effective
as bumper. As shown in Fig. 29(e), a self-healing carbon fiber reinforced polymer composite to be
used mainly in space environment was successfully synthesized [232], and the autorepair
composite was made of self-healing materials, which composed of microcapsules containing
various combinations of a 5-ethylidene-2-norbornene and dicyclopentadiene monomers, reacted
with ruthenium Grubbs catalyst, added into the carbon fiber reinforced polymer layer. This
material can self-repair damage and has great potential application value. As shown in Fig. 28(f),
through the hypervelocity impact experiments and simulations of carbon fiber overwrapped
pressure vessels [233], it can be found that the fiber orientation determined that the
circumferential amplitude of the initial stress wave was much greater than the axial amplitude. Due
to the propagation of shock waves along the fiber direction, local interface shear occurs in adjacent

layers in different directions, resulting in localized delamination.
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Fig. 28. Hypervelocity impact characteristics of carbon fiber materials: (a) Carbon fiber wound
pressure vessel [223]; (b) The micro damage of carbon fiber under hypervelocity impact [223]; (c)
Comparison of experimental results and numerical predictions for carbon fiber impact damage
[224]; (d) The debris cloud induced by hypervelocity impact nano-carbon fiber composite [231]; (e)
A self-healing carbon fiber reinforced polymer composite [232]; (f) Hypervelocity impact

experiments and simulations of carbon fiber overwrapped pressure vessels [233].
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Fig. 29. Hypervelocity impact characteristics of glass fiber composite and UHMWPE fiber composite:
(a) The damage of glass fiber reinforced aluminum bumper under hypervelocity impact [243]; (b)
The simulation results of hypervelocity impacting on glass fiber reinforced aluminum bumper [244];
(c) UHMWPE fiber bumper shield; (d) Damage of UHMWPE fiber bumper [245]; (e) Damage of rear
wall of Whipple shield with UHMWPE fiber as bumper [245]; (f) Comparison of hypervelocity
impact results between UHMWPE and HDPE [247].

Although most reports only focused on the mechanical response of glass fiber composite
[234-238] and high molecular weight polyethylene (UHMWPE) fiber composite [239-241] under
ballistic impact, however glass fiber composite and UHMWPE fiber were also used as bumper
materials to verify the shielding performance in a few reports [242-245]. The influence of projectile
dimension and material on the limiting penetration thickness of fiberglass laminate target under
hypervelocity impact was investigated [242], and the propagation of shock wave along the glass
fiber will lead to the expansion of damage area. For the impact velocity of 3-7 km/s, the limiting
penetration thickness of fiberglass plate is 1.5 times cavity depth of semi-infinite target. The
response of glass fiber reinforced aluminum comprised variably thick aluminum layers and glass
fiber reinforced epoxy composite laminate to hypervelocity impacts of orbital debris with velocities
of higher than 7 km/s was studied by experiment and numerical simulation [243, 244], as shown in
Figs. 29(a) and 29(b). The results show that the glass fiber composite laminate using multiple fiber
orientations can disperse the shock front to reduce the shock wave pressure near the impact region.
As shown in Figs. 29(c), 29(d) and 29(e), a Whipple shield design comprising of UHMWPE fiber
were proposed to improve the shielding efficiency of conventional Whipple shields [245], and the
shielding performance of UHMWPE Whipple shield is better than Kevlar Whipple shield, although
UHMWPE fiber ballistic performance will be reduced at high temperatures. Stacked multi-layered
glass fiber and aluminum laminate performance the better hypervelocity impact resistance than
single glass fiber plate [246]. Due to the better toughness of high-density polyethylene (HDPE)
compared to UHMWPE [247], which was less prone to local fracture and fragmentation, HDPE



bumper can lose less mass under hypervelocity impact, resulting in a decrease in the momentum
and kinetic energy of debris cloud, exhibiting a better protective performance.

Fiber material is the most successful bumper material developed and applied so far, especially
Kevlar and Nextel fiber fabrics applied widely in ISS, and the advantages of light weight, tensile
strength and toughness make it have excellent resistance to impact damage. More importantly,
except for fracture filaments and small fabric fragments, it hardly produces hard fragments by itself,
which can greatly reduce the impact damage of the bumper to the rear plate. It is worth noting that
the energy absorption efficiency of the fiber bumper is affected by boundary condition of the fabric
layers [248]. The disadvantage is that the preparation process of high performance fiber fabric is
complex and the cost is high. The manufacturing of these fibers is limited to few industrial realities.
3.6. Energy releasing materials

The cardinal principle of selecting materials is that they can increase the impact pressure and
extend the shock wave duration to shatter the projectile effectively. However, the transient of
hypervelocity impact and the limited thickness of bumper will cause the shock wave in the
projectile to be quickly caught up and unloaded by the tensile wave reflected from the bumper back
face. The increase of shock wave pressure is often accompanied by the shortening of shock wave
duration, which makes the improvement of shattering effect not obvious. Zhang and Wu et al.
[249-251] presented a Whipple shield with PTFE/Al reactive materials as bumper, and the reactive
material bumper will produce impact-induced detonation reaction under hypervelocity impact
[252-254], as shown in Figs. 30(a) and 30(b). The combined effect of impact and detonation
reaction can cause the projectile to be subjected to shock wave load twice, which greatly prolongs
the duration of shock wave in projectile, as shown in Fig. 30(c). The reactive materials bumper can
shatter the projectile into smaller, less massive and slower fragments due to the combined effect of
impact and detonation reaction, and the reactive material bumper will not produce solid fragments
because the reaction products are gas. The impact-induced reaction can increase the expansion
velocity of debris cloud, reduce the mass center velocity of debris cloud [255], increase the material
temperature in debris cloud, and increase the material temperature of the materials in debris cloud,
as shown in Fig. 30(d). The shielding capability can be improved by increasing the energy density
and reaction wave velocity of reactive materials [256]. Ren [257] presented a reactive material
double-bumper shield, with a dual combined effect of impact-detonation that can better shatter

projectile, and it can resist the impact of 1.05-1.47 cm projectile at a velocity of 3-7 km/s.
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Fig. 30. Protective principle and hypervelocity impact characteristics of reactive material Whipple
shield: (a) Protective principle of reactive material Whipple shield [256]; (b) The impact-induced
reaction of reactive materials bumper under hypervelocity impact [249]; (c) The shock wave in the
projectile induced by the combined effect of impact and detonation reaction [256]; (d) The reactive

materials bumper can increase the temperature of the debris cloud [256].

The development of reactive materials provides an innovative idea. The combined effect of
impact and detonation induced by the release of the internal chemical energy can greatly increase
the duration of shock wave. The reactive materials can make the projectile fragmentation and
decelerate more effectively, and the debris cloud disperses more effectively. In addition, the reaction
products of the reactive materials are gas, which can effectively solve the problem of fragments
generated by the bumper itself. The density of reactive material is lower than that of aluminum alloy.
The disadvantage of reactive materials is the low strength, which makes it difficult for reactive
material to be used as load bearing structure of spacecraft.

3.7. Transparent materials

Glass and transparent materials were used as optical devices for space station portholes and
spacecraft solar panels [258], which were often subjected to hypervelocity impact, as shown in Fig.
31(a). The hypervelocity impact experiment of spacecraft impacting solar panels was carried out to
study the influence of the damage caused by orbital debris impact on the electrical characteristics
[260, 261]. Graham and Kearsley et al. [262] studied the impact of orbital debris and
micrometeoroids on solar panel composed of a layer of silicone resin on the underlying silicon solar
cell bonds the CMX glass layer and the top protective layer of borosilicate glass coated with a Mg+F
layer, and residue material in impact craters was analyzed. The results show that some of the
textural features observed in impact residues are dependent on the nature of the individual mineral
components within the original impactor. The cracks of soda-lime (float) glass under the
hypervelocity impact were studied to verify the effectiveness of the empirically determined power

law spallation equation, which was used to predict the spallation diameters [263]. The damage



characteristics of fused silica glass impacted by hypervelocity were studied by China Academy of
Space Technology [264], and they suggested that 12 mm is the minimum thickness of the porthole
windshield for a 400 km altitude orbit space station of 3 year’s life time. NASA [265] tested the
shielding performance of the fused silica window system of “Orion”, next generation of US crewed
spacecraft, as shown in Fig. 31(b), and the ballistic limit curve of fused silica glass was given to
predict the perforation threshold. Yang et al. [266] developed a coupled thermo-mechanical model
in the framework of thermodynamics with internal state variables to capture this extraordinary
behavior of silica glass in hypervelocity impact, and they concluded that a highly efficient kinetic
energy-absorption mechanism caused by the phase change emanating from high pressure
characteristic to hypervelocity impact combined with irreversible densification of the material
results in the high resistance to hypervelocity impact of silica-based glass. Hypervelocity impact
experiments were performed on SiO: glass and polycarbonate plates to investigate their damage
process by JAXA [267]. As shown in Fig. 31(c), it is found that SiO2 glass damage is mainly composed
of craters, internal damage area and cracks, the propagation velocity of surface fracture is almost
constant, and the propagation velocity of internal damage area increase with decreasing target
thickness. The propagation of stress wave in SiOz glass and polycarbonate was studied visually
[268], as shown in Figs. 31(d) and 31(e). The interaction of the reflected longitudinal wave from
free surface with shear wave causes the drastic nucleation of SiO: glass damage points, and the
tensile waves reflected by the rear free surface and the both side free surfaces can cause the

fracture of polycarbonate material.



Fig. 31. Damage of glass and transparent materials induced by hypervelocity impact: (a) Solar
panels damage induced by orbital debris impact [258]; (b) The fused silica window system of
“Orion” crewed spacecraft [259]; (c¢) Damage of 5 mm thickness SiO2 glass, 6.9 km/s [267]; (d)
Shock wave shadowgraph images of SiO:z glass impacted by a 3.2 mm aluminum sphere at 3.01
km/s [268]; (e) Shock wave shadowgraph images of polycarbonate impacted by a 4.7 mm
polycarbonate sphere at 6 km/s [268].

3.8. Multifunctional materials

Nam and Kumar et al. [269] developed a stealth space hypervelocity impact shielding system
containing electromagnetic wave absorption capability and impact shielding system, and the
electrical modification of aramid fabric via a RF magnetron silver-sputtering coating technique was
used to demonstrate excellent microwave absorption performance, as shown in Figs. 32(a) and
32(b). The silver coating has almost no effect the impact performance of the space stealth structure,
and specific energy, type, and failure shape of the impact energy absorption of the proposed
composite is similar to that of the original aramid composite. This silver coating material can
realize multiple functions and has potential application value in military spacecraft with special
characteristics. Polybenzimidazole (PBI) was developed as the film coating of carbon fiber
materials to improve the hypervelocity impact shielding performance [270], and improve the shield
system resistance to low earth orbit environment conditions like high vacuum, thermal cycling,
atomic oxygen and ultraviolet radiation. Film coating material can bring other functions without
affecting the shielding performance, and improve the multiple resistance of the shielding system to

the space environment without obvious weight increase.
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projectile [269]; (c) Polyimide film as satellite thermal insulation materials [272]; (d) The damage
of polyimide film under the hypervelocity impact [275].

Multilayer insulation (MLI) thermal blankets cover most areas of space station and many other
spacecraft [271-273], the thermal blanket consists of multilayer aluminized, silverized or gilded
polyimide film and multilayer mesh fabric separators to ensure that the spacecraft is within the
allowable temperature range, as shown in Fig. 32(c). MLI was used as a component of shield system
to test its influence on shielding performance. Canadian Space Agency adopted 1 to 2 layers Nextel
enhanced MLI for RADARSAT satellite shield, which resulted that the risk of penetration dropped
by a factor of 3 at the cost of a small increase in area density [274]. As shown in Fig. 32(d), though
the impact tests, Liu and Zhang [275] observed the two failure modes of MLI: ductile penetration
and brittle cracks damage, and the higher velocity and thinner film, the easier to produce brittle like
cracks; length of the cracks increases with the decreasing film thickness and increasing impact
velocity. The film thickness of MLI can change the morphology of debris clouds [276, 277]. Because
MLI as a front bumper was less efficient in shattering the projectile compared to Al bumper of
similar areal density, and MLI was often used as a stuffing layer [197]. Common impact signatures
of MLI were ray patterns, melt, spallation, delamination, radial cracking, and blown-away coating,
and the MLI and polyimide film’s projectile size to impact hole diameter seems to have a
dependence on film thickness, material type, or the effect between multi-layered [278].

Multifunctional materials are used as bumper material of spacecraft shield to meet some
protection requirements, taking into account microwave absorption and thermal insulation
functions. This can save weight, and the shielding performance can be strengthened with the saved
weigh. However, because microwave absorbing materials and thermal insulation materials are not
professional protective materials with high mechanical properties, they can only meet the lower
protection requirements.

4. Numerical simulation of hypervelocity impact for advanced bumper materials

Numerical simulation can provide more data and details to better understand the impact
process, and can also serve as a supplement to experiments to save research costs. Therefore,
numerical simulation was widely used in the design and evaluation of space debris shield structure.
Previously, the numerical simulation of traditional metal materials was relatively simple, the
modeling methods and material parameters were relatively mature, and the numerical simulation
results and experimental results had good consistency. With the emergence of more and more new
materials, complex microstructures, diverse compositional materials, and unknown material
parameters all pose new challenges to accurate numerical simulations.

As shown in Fig. 33, the development of new materials requires more advanced numerical
simulation methods to improve computational accuracy and efficiency. Initially, the Finite Element
Method (FEM) was applied to hypervelocity impact, such as the Lagrange algorithm [279, 280] and
Euler algorithm [281, 282]. Lagrange has significant advantages in grid partitioning, computational
feeiciency, and identifying fragment boundaries, but deleting the mesh to overcome large material
deformation can result in significant discrepancies between the calculated and experimental results.
The Euler algorithm can solve large deformation problems, but it needs to face problems such as
material fracture and fragment boundary identification. CTH [283-285] is a code based on Euler

algorithm for modeling large-deformation and strong shock problems in multiple dimensions and



with multiple kinds of materials, and it is not able to treat non-eroding penetration/perforation
problems very well. The ALE algorithm [286] combines Lagrange and Euler algorithms, but there

was a problem of complex mixed grids.
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Fig. 33. Comparison of numerical simulation methods for hypervelocity impact.

In order to overcome the shortcomings of FEM, meshless method was widely used to solve the
energy and mass loss problems caused by large deformations in hypervelocity impact. The early
development of meshless method can be traced back to smoothed particle hydrodynamics (SPH) by
Lucy [287], Gingold and Monaghan [288] for astrophysics modeling. The SPH algorithm, after
multiple improvements, has been widely applied in research related to explosions and high velocity
impacts. The SPH method solves the mesh distortion, but the large number of particles in the
complex structure reduces the computational efficiency, especially facing the large scale differences
between projectiles and targets. In addition, SPH also has the problem that the debris boundary is
not easy to identify [289]. The material point method (MPM) is another particle kind meshless
method proposed by Sulsky [290]. It uses particle discrete objects, is not limited by mesh distortion,
and is easy to describe the fracture of materials [291]. Compared with Lagrange and Euler method,
the MPM method is more advantageous when dealing with impact and penetration problems [292,
293].

The FEM-SPH adaptive coupling algorithm [294, 295] was proposed to solve the problems of
material loss, large material deformation, and fragment boundary recognition, which replaces failed
FEM elements with SPH particles to continue participating in calculations, and is currently being
increasingly applied as a method. When materials have not failed, they are solved by the FEM, which

provides suitable material models and equations of state for anisotropic materials. Failure materials,



whose anisotropic properties can be ignored, are adequately represented by SPH particles
[296-300]. Therefore, the FEM-SPH adaptive method is suitable for simulating anisotropic
materials, but it is necessary to set appropriate loss criteria and additional adaptive transformation
algorithms.

Many kinds of numerical simulation methods have been developed for sandwich panel
hypervelocity impact, as shown in Fig. 34. The numerical simulation of hypervelocity impact of
foam sandwich panels simulated by two methods of SPH and Lagrange was compared by Nitta
[301], and Deconinck [72] converted the failed Lagrangian elements into SPH particles to ensure
mass conservation and limit the step size drop at the contact interface. Chen [302] developed a new
engineering model, and the honeycomb core was equaled to multi-parallel thin plates, which can
represent the discontinuity of honeycomb core without complex boundary. The impact on
honeycomb sandwich panel is essentially three-dimensional, especially for oblique incidence
impacts that require three-dimensional modeling and analysis [65, 69]. However, it is reasonable to
simplify the honeycomb sandwich panel to a two-dimensional model when only considering the
normal impact, as the central fragment is mostly occurring phenomenon, leading to the damage of
the back facesheet at normal incidence impact. Due to the computational cost and the concentration
characteristics of debris clouds along the impact direction in normal collisions, two-dimensional
axisymmetric simulation is sufficient to study the main physical phenomena [303]. Chen [304] used
the adaptive algorithm coupled with FEM and SPH to calculate the hypervelocity impact of
projectile on the honeycomb sandwich panel, converting the failed elements into particles, which
can describe the movement of debris clouds and predict the damage of the honeycomb sandwich

panel well.



Fig. 34. The numerical simulation of hypervelocity impact sandwich panels: (a) Damage of

honeycomb sandwich panel under normal impact [69]; (b) Debris cloud impacting honeycomb
sandwich panel [72]; (c) Damage of foam sandwich panel under normal impact [304]; (d) Debris
cloud impacting foam sandwich panel [311]; (e) Damage of foam sandwich panel under oblique
impact [305]; (f) Finite element reconstruction (FER) simulation of impact of foam aluminum

sandwich panel based on Voronoi technology [309, 310].

Zhang [305] proposed a Fractal Theory and Node-separation FEM to simulate the
hypervelocity impact on foam sandwich panel. The Voronoi modeling technique is already used in
the studies of crushing response simulations of the foam material. The beam element is used to
model the ligaments in the open cell foam [306]; the shell element is used to model the walls in the
close cell foam [307]; and the tetrahedron solid element is used in the foam model derived from the
CT (Computed Tomography) scan [308]. However, all the three element types are not feasible in the
hypervelocity impact simulation. Zhang [309, 310] coupled the Voronoi technique with the SPH
method that is widely used for hypervelocity impact simulation. The voronoi tessellation method
was used to model explicitly the cellular geometry, and the beam element was used to model the
ligaments in the open cell foam. Then the cores of the cells are first generated by packing random

spheres into the specified spatial domain, the weighted voronoi tessellation is then applied to make



the cellular structure of the foam material, and hypervelocity impact simulation is conducted
method combining the SPH and finite element reconstruction (FER) in LS-dyna. Cherniaev [311]
obtained a realistic foam geometry model using X-ray computed tomography imaging, and
conversed it to a meshless SPH model suitable for hypervelocity impact simulations. Ma [312, 313]
produced the metallic foam using space-holding filler method, and three-dimensional SPH code for
simulations of foams was developed.

As shown in Fig. 35, the delamination of fiber laminates, the 3D orthogonal woven
microstructure micro model, and the non-circular fiber bundle interface are the difficulties in
numerical simulation of fiber composite materials. The simulation of fiber composite materials was
often calculated using SPH or FEM [314, 315], and treating each layer of material as a homogeneous
material without considering the anisotropy of each phase material. The numerical simulation of
fiber composite materials considering the preparation of three-dimensional material microscopic
models has solved the problem of simplistic conventional models, greatly improving calculation
accuracy. The application of SPH-FEM coupling algorithm has solved the problem of fiber bundle
distortion and difficulty in identifying fragments in the calculation process of fiber materials [223,
316-319]. For numerical simulation model of fiber composite material, the model size needs to
meet the actual needs of aerospace engineering and retain the main structural characteristics of the
actual material, ignoring secondary factors, and minimizing the number of units and improving the

quality of units as much as possible.
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Fig. 35. The numerical simulation of fiber composite materials: (a) FEM Numerical simulation of
carbon fiber reinforced aluminum alloy laminates [223]; (b) SPH Numerical simulation of
carbon-fiber fabrics and epoxy composite [314]; (c) FEM-SPH numerical simulation of glass fiber
reinforced aluminum fiber-metal laminates [315]; (d) FEM-SPH Numerical simulation of carbon
fiber composite materials [316]; (e) FEM-SPH Numerical simulation of filament-wound carbon fiber
composite [317]; (f) FEM-SPH Numerical simulation of carbon fiber-reinforced plastic laminate

[318]; (g) FEM-SPH Numerical simulation of Kevlar fiber composite materials [319].

The numerical simulation of ceramic materials usually adopts FEM or SPH calculation
[320-322]. The difficulty of simulation is to select the constitutive relationship and material

parameters that determine the damage initiation, damage evolution, material strength degradation



due to damage [163], crack initiation and crack propagation. Reasonable simulation of crack
initiation, propagation, and branching requires a suitable numerical framework. Most of the
determination of constitutive relationship parameters depends on the experimental results
observed after impact, while ignoring the data during impact.

Material model of bumper for orbital debris protection is shown in Table 1. The selection of
material models has a crucial influence on numerical simulation results, including strength models

and equations of state (EOS).



Table 1

Material model of bumper for orbital debris protection.

Reference Material Method  Strength model(s) EOS(s) Failure
Wen etal. [331] Al2024 SPH SG model Mie-Griineisen, Grady spalling failure
Yo=2.0

Samet et al. [332] Al2024 FEM-SPH ]C model Mie-Griineisen,y,=1.97 Maximum tensile stress failure
Iyeretal. [44] Titanium JC model/SG model EOS for Titanium Grady spalling failure

Zhang et al. [132] Ti/Al/Nylon SPH Al and Ti: SG model Mie-Griineisen, yo_ti =1.23, Yo-a1 =2.0,Maximum tensile stress failure

Impedance graded Nylon: Von-Mises model yq_nyion=0.87.
Wen etal. [135] Ti/Al/Steel SPH SG model Mie-Grineisen, yo_a1 =2.0, Yo_mg =1.54,Grady spalling failure

Impedance graded

Chen et al. [304] Al honeycomb sandwich: Al2024FEM-SPH
facesheet, A15056 honeycore

Liu etal. [335] Al honeycomb sandwich: Al2024MPM
facesheet, A15052 honeycore

Wang et al. [310] Al6061 foam sandwich SPH-FER
Cherniaev et al.Al6061 foam sandwich FEM-SPH
[311]

Tang et al. [297] Al6061 foam sandwich FEM-SPH
Zhong et al. [144] (Tiz7.31Zr22.75Be2639Ala55Cu9)94Co6;SPH

HE-BMGs

Renetal. [169] NbC ceramic SPH
Cherniaev et al.SiC ceramic SPH
[172]

Renetal. [256] PTFE/Al SPH

Xu et al.[319] Kevlar fiber FEM-SPH
Yang et al. [333] C/SiC fiber SPH

He [318] CFRP FEM-SPH

JC model
JC model

JC model
JC model

JC model
JH-2 constitutive model

JH-2 constitutive model
JH-1 constitutive model

Yo-stee1=1.60.

Mie-Griineisen, Yo0—Al2024 =2.0,Grady spalling failure
Yo-als056=2-0.

Mie-Griineisen, Yo—Al2024 =2.0,Maximum tensile stress failure
Yo-als052=2.0.

Mie-Grineisen, yy,=1.97 Equivalent strain failure
Mie-Grineisen, yy,=1.97 /

Mie-Griineisen, y,=1.97 Maximum tensile stress failure
Polynomial EOS JH-2 damage

Polynomial EOS JH-2 damage

Polynomial EOS JH-1 damage

JC model Lee-Tarver model, Reaction products JWLMaximum tensile stress failure
EOS, Unreacted PTFE/Al Mie-Griineisen,
Yo=1.0
Orthotropic elastic model Mie-Griineisen, y,=0.7692 Maximum strain-based failure
Orthotropic elastic model Nonlinear EOS Orthotropic failure
Anisotropic materialAnisotropic material model MAT59 EOS calculated by MAT59
model MAT59 automatically




The commonly used strength models include ideal elastic-plastic model, Johnson-Cook (JC)
model, and Steinberg-Guinan (SG) model [323-325]. The JC model is a description of the
stress-strain relationship that considers the effects of strain hardening, strain rate hardening, and
heat softening, and the JC model is widely considered suitable for low velocity impacts with low
strain rates. Hauhurst and Livingstone's research [326] shows that the EOS is most critical in
hypervelocity impact simulation, and the strength models have no significant effect on the
development of phenomenon induced by hypervelocity impact. Therefore, the JC model still
achieved good results in a large number of simulations of hypervelocity impacts. The SG model
emphasizes the influence of pressure and temperature on the shear modulus and yield strength,
and is more suitable for high strain rates than the JC model. For Fiber fabrics, the orthotropic
models have to be used [327]. Fibers, such as Kevlar, Nextel, UHMWPE and other fibers, as the
fundamental component in the fabric, are the anisotropic materials with linear elastic properties
along the fiber axis and nonlinear inelastic properties in transverse direction. In anisotropic
materials, the traditional independent approach for the solution of the strongly coupled EOS and
strength models is complicated, as deviatoric strain leads to hydrostatic pressure and volumetric
strain leads to deviatoric stress. The material model for fabric subjected to hypervelocity impact
was developed based on a decoupled anisotropic constitutive relationship to considering shock
response [319]. Johnson and Holmquist [328] proposed three models to predict spalling, formation
of conoid, fragmentation and crack branching in the ceramic under dynamic load, namely
Johnson-Holmquist I (JH1) and II (JH2) and the Johnson-Holmquist Bissel (JHB). The JH1 model
used piecewise linear segments to describe the material strength and failure behavior, which
suddenly change based on hydrostatic pressure and damage evolution. The JH2 model used
continuous curves to represent dimensionless strength and damage, and sudden changes in
strength and damage may represent a realistic description of the response of the brittle materials
like ceramic. In the JHB model, the strength and damage are represented by analytic curves but
changes in the material strength and damage with sudden jumps. Although the predicted results of
JH1, JH2, and JHB ceramic material models are qualitatively similar, the JH1 and JHB provide results
that are closer to the experimental results in terms of the spall plane in the flyer plate impact tests
and the crack patterns and the conoid zone for the penetration problems [163]. For the description
of the behavior of hypervelocity impact, such as debris cloud motion, bumper perforation, rear wall
damage, both the predicted results of JH2 and JH1 have good consistency with the experimental
results [144, 169, 172].

The EOS is a function that describes the relationship between pressure, density, and
temperature of the material under the shock. Especially under strong load caused by hypervelocity
impact, the impact pressure is much higher than the material strength, which lead to the weak
strength effect in the initial stage of the impact, and the EOS plays the decisive role [326]. The
strength effect gradually becomes apparent in the later stage of the impact. The Mie-Griineisen EOS
[281] can accurately describe the material dynamic behavior of solid metals under high
temperature, high pressure, and high strain rate conditions. After modifying its parameters, it can
also describe metals in liquid and gas phases. The Tillotson EOS [329] was constructed by
combining the Thomas-Fermi model and the ideal gas model, and can describe the solid-gas
transition. The compression and expansion states of materials, encompassing the solid, liquid, and

gas phases, were depict by two complex forms, but ignores the melting and vaporization. The Gray



EOS [330] has a simpler analytical expression, and it can provide a broad description of the phase
transition, including solid, liquid, and gas states, as well as the two-phase regions of melting and
vaporization.

5. Protective mechanism analysis and material selection principle

Improving the shielding performance of spacecraft shield against hypervelocity impact of space
debris is very important to aerospace safety. The further development of new bumper materials
needs to resist the impact of centimeter-sized orbital debris to meet the safety requirements of
manned space station. However, at present, only the Stuffed Whipple shield applied on the ISS can
resist the impact of projectile with a diameter of 1-1.5 cm [33], and this is far from enough, due to
the increase the penetration risk induced by rapid growth of the number of LEO small satellites. The
improvement the shielding performance depends on the development of bumper materials with
stronger characteristics. The change of material characteristics will lead to the change of physical
phenomena in hypervelocity impact, including spall, fragmentation, internal energy increase, phase
transition and debris cloud, and the internal physical essence is the energy exchange and the matter
motion caused by the propagation and interaction of shock wave and tensile wave. The method of
developing and improving materials is to change the propagation process and mode of stress wave,
so as to change the energy redistribution and motion form between matters.

Tables 2-4 show the main physical properties of different materials. By studying and analyzing
the development of bumper materials, it is summarized that the excellent impact resistance of the
bumper materials depends on the following characteristics:

(a) Higher tensile strength, it can effectively increase resistance of projectile penetration and
stop the projectile fragments;

(b) High modulus and high hardness, it can induce higher impact pressure, which can make the
projectile effectively broken, melted and gasified;

(c) Low density, it can make bumper thickness as large as possible under the condition of
limited area density, and shock wave in the projectile cannot be unloaded by the tensile wave
reflected from the bumper back, resulting in a long duration of the shock wave;

(d) No large size and hard fragments were produced by itself, which can reduce the damage of
the rear wall;

(e) Effectively dispersing debris cloud, it can disperse the debris cloud and reduce the load
density at the impact center of the rear wall;

(f) Lower melting and gasifying temperature, bumper materials are more prone to melting and
gasification.

(g) Low cost, this is a great advantage as a protective material for large spacecraft.



Table 2

Typical physical properties of metal materials.

Material Density/( Tensile Yield Elastic Shear Shear Note

g-.cm-3)  strength/MPa strength/MPa modulus/GPa strength/MPa modulus/GPa
Al2024 [334] 2.78 483 345 73.1 285 28.6 Advantages: low cost, low density, high toughness;
Al6061 [334] 2.75 310 276 68.9 270 27.6 Disadvantage: low strength and modulus; Al plate and Al mesh
Al2017 [334] 2.8 427 276 72.4 280 26.7 are recommended as the first bumper to shatter projectile.
Al5052 [335] 2.68 426 265 73 250 26.9
SUS 304 [334] 7.93 505 215 200 550 77 Advantage: high tensile strength and modulus; Disadvantage:

high density leads to the bumper being too thin under limited

areal density conditions; It is not recommended as the bumper

material.
Titanium [334] 4.51 240 310 105 440 43.4 The performance is between aluminum alloy and steel.
Recommended as the first layer bumper to shatter projectile.
AZ31B Mg [52,1.82 150 60 43 120 16.5 Advantages: low density; Disadvantage: Low small strength
53] and modulus; It is not recommended as the bumper material.
Ti/Al/Mg [131,/ / / / / / The combination of three materials compensates for each
132] other's shortcomings, allowing for better shattering, melting,

and vaporing projectile, increasing the impact area of debris
clouds on the rear wall; It is recommended as the first bumper
to shatter projectile.
Al foam/ / / / / / Advantages: lightweight and high kinetic energy absorption
sandwich panel efficiency; Disadvantage is that the volume is relatively large; It
is recommended as the first or filling layer to shatter and

absorb fragments.




Table 3

Typical physical properties of ceramics and amorphous alloy.

Material

Fracture
modulus/GPa modulus/GPa toughness/(MPa-m'/2) ness/GPa

Microhard Note

NbC [169, 336]

TiB2 [170]

BaC [171]

SiC [172]

Al:03 [150, 336]

Density/( Elastic Shear
gem3)

4.8 345 164
4.4 600 /

2.5 448 220
3.2 450 1935
3.8 400 120.3

2.5

11.5

4.81

4.3

3.5

23.5

33

50

22

20

Advantages: high modulus, high hardnes, which can increase the
impact pressure and better shatter the projectile; Disadvantages:
slightly higher density, low the fracture toughness leading to easy to
fracture failure; It is recommend using ductile metal Al as backing layer
to form ceramic-metal as the first layer bumper to shatter and melt
projectile.

Advantages: high modulus and high hardness, which can better shatter
the projectile; Disadvantages: Although the fracture toughness is
higher than most ceramics, it is much lower than that of metals, which
make it easy to fracture failure; It is recommend using ductile metal Al
as backing layer to form ceramic-metal as the first layer bumper to
shatter and melt projectile.

Advantages: high hardness, high modulus, and lower density;
Disadvantages: low fracture toughness; It is recommended using
ductile metal Al as backing layer to form ceramic-metal as the first
layer bumper to shatter and melt projectile.

Advantages: high hardness, high modulus.; Disadvantages: low fracture
toughness; It is recommended using ductile metal Al as backing layer
to form ceramic-metal as the first layer bumper to shatter and melt
projectile.

Advantages: high hardness, high modulus; Disadvantages: low fracture

toughness, which make it easy to fracture failure; It is recommended



Zr02[336] 6.0 200 90 12 13
(Tiz7.31Zr22.75Be26.3 5.27 108.7 40.5 50 /
9Al4.55Cu9)92C06

HE-BMGs [144]

using ductile metal Al as backing layer to form ceramic-metal as the
first layer bumper to shatter and melt projectile.

Advantages: high modulus and high hardness; Disadvantages: high
density, although the fracture toughness is higher than other ceramics,
it is much lower than that of metals, which make it easy to fracture
failure. It is recommended as the surface coating for the first layer
metal bumper to shatter and melt projectile.

Advantages: high elastic modulus and shear modulus, high fracture
toughness, which can ensure that the bumper will not break as a
whole; Disadvantages: slightly high density;

It is can be used as first layer bumper alone without adding a backing

layer to shatter the projectile.

Zrs3CusoNioAls  6.45 883.1 30.5 122 / Advantages: high elastic modulus and shear modulus, high fracture

[337] toughness; Disadvantages: high density; It is recommended as the
surface coating for the first layer metal bumper to shatter and melt
projectile.

Table 4

Typical physical properties of high strength fibers.

Material Density/(Tensile Tensile Fiber direction/Interlayer Elongation atNote

g-cm-3)  strength/GPa modulus/GPa Shear modulus/GPa Break/%
Kevlar [186] 1.45 2.41-3.15 123 16.4/1.8 4.5 Advantages: low density high tensile strength, modulus and

elongation; Disadvantages: low shear modulus, making it prone to
shear failure and perforation when used as the first layer bumper; It

is recommended as the filling layer for SW shield or the last few



Nextel 6102.7
[186, 338]

CFRP[187] 1.76

Vectran/Epoxy1.41
[191, 339]

Basalt fiber2.6
[192, 340]

UHMWPE 0.97

[194, 245]

Glass/Epoxy 1.8
[243]

1.7

3.60

3.61

3.00

3.00

1.4-2.5

257

230-240

83

110

103

30.8

25.8/14.4

10/8.96

1.41/0.82

1.85/1.5

1.97/0.67

8.1/3.89

1.3

4.26

3.15

3.1

1.14

layers for the MB shield to decelerate, intercept and further shatter
fragments.

Advantages: higher elastic modulus and shear modulus than Kevlar,
low density; It is generally placed in front of Kevlar when used as
filling layer of SW shield to shatter and decelerate the fragments first.
Advantages: low density, high tensile strength and modulus;
Disadvantages: low shear modulus; It is recommended as the filling
layer for SW shield or the last few layers for the MB shield to
decelerate, intercept and further shatter fragments.

Advantages: low density, high tensile strength. Disadvantages: low
shear modulus, low tensile modulus than other fiber, making it prone
to significant deformation; It is recommended as the filling layer for
SW shield with strong shatter ability material as the first layer of
bumper.

Advantages: high tensile strength; Disadvantages: lower elastic
modulus and shear modulus; It is recommended as the filling layer
for SW shield to decelerate, intercept and further shatter fragments.
Advantages: extremely low density, high tensile strength;
Disadvantages: lower elastic modulus and shear modulus; It is
recommended as the filling layer for SW shield to decelerate,
intercept fragments.

Advantages: low density and high tensile strength; Disadvantages:
lower elastic modulus and shear modulus; It is recommended as the

filling layer for SW shield to decelerate, intercept fragments.




Because some of these properties will contradict each other, a material cannot have all of the
above favorable properties. The shielding performance of the bumper ultimately depends on the
results of the combined effect of the bumper material advantages and disadvantages. The current
development trend is that a variety of materials make up for each other’s disadvantages and will be
combined to form the composite material and composite structure as the bumper. At present, the
Stuffed Whipple shield and multi-bumper shield were proved to have high shielding performance,
and bumper materials with different configurations can be selected according to the advantages and
disadvantages of different materials. The material with the excellent ability to shatter projectile and
disperse debris cloud is the primary choice for the first layer bumper, and it should also be
considered that the first layer bumper material should have a higher strength as the load bearing
structure of the outer surface of spacecraft. So, aluminum alloy plate, metal mesh, Ti/Al/Mg
impedance-graded composite, mesh reinforced aluminum matrix composite and ceramic-metal
composite are suitable for the first layer bumper of the spacecraft shield. The intermediate stuffing
layer and the subsequent bumpers need to have an excellent ability to stop projectile fragments and
absorb the kinetic energy of debris cloud, and the bumper itself cannot produce fragments to avoid
increasing the damage of the rear wall. So, fiber fabric materials, foam sandwich panel and reactive
materials are suitable for the intermediate stuffing layer and the subsequent bumpers of the
spacecraft shield. The bumper of each layer may also be composed of composite materials formed
from a variety of materials, and the protection scheme shall be determined according to the specific
actual needs.

For the spacecraft with small overall spacing and weight for shield structure, Whipple shield
has to be adopted. For the positions with low protection requirements, the bumper material of
Whipple shield can be traditional metals. For the positions with high protection requirements, it is
best to choose a material with strong projectile shattering ability, and that does not produce
fragments by itself. This can ensure that the debris cloud expands sufficiently before impacting the
rear wall of the spacecraft, and reduce its own damage to the rear wall.

The hypervelocity impact experiments and analysis of different structures with various
material combinations need to be carried out, and the optimal material combination with the
matching structure configuration can be selected. In general, the shield needs to be able to resist the
impact of centimeter projectile on spacecraft, which can ensure the space operation safety of
manned spacecraft and high valued satellites and deal with the threat of the explosive growth of
centimeter space debris that may be caused by large-scale satellite constellation impact.

6. Summary and future direction

In this paper;, a comprehensive overview of advances in the development of bumper materials
for spacecraft shield applications was provided. In particular, we reviewed and discussed the
protection mechanism and process of the bumper using different materials against hypervelocity
impact. According to the properties of different materials, the advantages and disadvantages of each
material used in shield were analyzed, and the principles and strategies of material selection were
discussed.

Recommendations for the application of different types of materials in shields are as follows:

(a) Traditional metal materials, impedance-graded materials, metal mesh, amorphous alloy
materials and ceramic-metal materials are suitable as the first layer bumper for all shields, which

can better shatter the projectile;



(b) Fiber fabrics, reactive materials are suitable as the filling layer for Stuffed Whipple shield
and last few layer bumpers of Multi-bumper shield, as these materials can intercept and further
shatter fragments in the debris cloud without producing metal fragments themselves;

(c) Foam sandwich panel is suitable as the first layer bumper for shields and filling layer
bumper for Stuffed Whipple shield, which depends on whether its core structure focuses on
crushing effect or kinetic energy absorption efficiency;

(d) If mesh reinforced aluminum matrix materials can be further lightweight, it can be
combined with fiber material as the filling layer of Stuffed Whipple shield, which must be located in
front of the fiber fabric to reduce the threat of its own metal fragments to the rear wall.

The following opinions are suggested for future material development and research:

(a) At present, most material protection mechanisms are still traditional. Developing materials
with novel protection mechanisms, rather than relying only on impact effect, breaks through the
bottleneck of material protection ability;

(b) The current development trend is that a variety of materials make up for each other’s
disadvantages and will be combined to form the composite material and composite structure as the
bumper. All developed bumper materials with high shielding performance should be taken as the
sample library, and several kinds shall be selected from the sample library according to their
respective characteristics to form new composite in different combinations, and the shielding
performance of the new composite should be verified based on hypervelocity impact tests results.
The position, sequence and weight ratio of every bumper material in the shield structure should be
consistent with its own advantages and characteristics;

(c) Using advanced technology, such as film coating technology and thin diaphragm thermal
control technology, the resistance to low earth orbit environment conditions like high vacuum,
thermal cycling, atomic oxygen, ultraviolet radiation, magnetic field and others can be integrated
into the shielding system. Alternatively, high shielding performance materials with multi-functions
can be developed to meet multiple functional requirements, and the shielding performance can be
strengthened with the saved weigh;

(d) For new materials, the influence of structural characteristics, such as the number of
bumper layers, spacing distribution and area density distribution, on the shielding performance of
shield structure should be studied, and by optimizing the structure, the bumper materials can give
full play to the advantage of impact resistance;

(e) The debris cloud models should be developed to analyze motion characteristics of debris
clouds induced by different materials. According to the essence of shock wave propagation and
interaction, the theoretical design method of bumper materials and shield structure should be
established. It is necessary to accelerate the development of new numerical simulation technology,
which can improve the efficiency of shielding system design;

(f) Satisfactory space environment resistance of materials is the premise of space application.
However, at present, most new materials stay in the laboratory, and it is necessary to carry out
engineering application research on the materials, so as to provide a solid foundation for

application.
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