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Abstract: - Impact conditions involve velocities below the sonic speed, which is normally of the order few
hundreds up to thousand m/s, whereas the hypervelocity impact applies for conditions of impact with velocities
higher than the acoustic speed of either the impacting object or the impacted target. The velocity at this
condition is few thousands m/s and much higher. The effects of hypervelocity impact depend on projectile and
target materials, impact velocity, incident angle and the mass and shape of the projectile impacting head. In
hypervelocity impact, the projectile velocity exceeds the speed of sound within the target material. The
resulting shock wave that propagates across the material is reflected by the surfaces of the target, and reverses
its direction of travel. The superimposition of progressing and reflected waves can lead to local stress levels
that exceed the material's strength, thus causing cracks and/or the separation of spalls at significant velocities.
At low impact velocities, plastic deformation normally prevails. With increasing velocities the projectile will
leave a crater in the target. Beyond 4 km/second (depending on the materials), an impact will lead to a complete
break-up and melting of the projectile, and an ejection of crater material to a depth of typically two to five
times the diameter of the projectile. With decreasing target thickness, the effects range from cratering, via
internal cracks, to spall detachment, and finally to plug formation. To avoid the damages caused by the hyper
velocity impact phenomenon, it is essential to define and design effective protection measures to protect all
structures and their members from the damages particularly aircrafts and space vehicles which are liable to be
subjected to such conditions. In this paper, damages caused by this ypes of impact which include: metallurgical
changes, scabbing and incipient scabbing, crater formation and fractures are presented and discussed.
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1 Introduction test specimen are related to its global deformations.
Penetration of a target plate implies the entrance The load carrying behavior of the complete
of the projectile into it without completing its structural part is activated. On average with
passage through it. On the other hand perforation velocities between 0.5 and 2.0 km/s, impact
implies the Comp|ete piercing of the target by the principally leads to local effects. The material
projectile and completes its passage through it, reaction in the impact zone can be described by a
while still has some remaining velocity, wave theory. The diameter of the impact zone is
[1].Containment is a term refers to the condition about three times the diameter of the projectile [2].
when the projectile perforates completely the target Higher velocities of the projectile might cause
but still retained in it which defines the limiting vaporization of the materials. The situations in
condition or the criterion for shielding against the which hypervelocity are: in the use of the electron

beam, the laser and in explosive welding. In its most
arresting form, however, Hyper-velocity impact has
been widely studied because it is a phenomenon
associated with several industrial and engineering
applications, for example: in  the impact of
meteorite, : in the use of the electron beam, the laser

damage. Impact of projectiles on target plates
involves velocities well below the sonic speed of
either the projectile or the target plate. The impact
twhereashyp The author of [2] defines. Based on the
impact velocity of thee projectile three ranges of

impact velocity with different failure modes were and in explosive welding, perforation and cutting by

presented in, [2]. In the range of velocities under high explosive shaped charge. In its most arresting
250 m/s, local deformations and penetration of the form, however, it is often connected with ablation,
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but this is not encountered in this paper. The speed
of meteorites ranges from 11 to 80 km/.s., whilst
that of scientific satellites is about 8 km/s relative to
the speed of the earth' ; a very obvious instance of
the application of hypervelocity impact knowledge
is needed then in considering the collision of
meteorites with the skins of satellites. Plasticine was
much used for metal-deformation studies because it
is a convenient model which will demonstrate
patterns of flow and give indications of how force
and energy requirements are affected by speed, it
was used in [35] for investigating the hypervelocity
phenomenon. Many papers have been written on the
subject of hypervelocity impact, but no attempt will
be made to review these here. The readers are
referred to the work reported in [37], to the book by
Rinehart and Pearson' which summarizes the
phenomena and the empirical results of various
research workers in this field,[38] and to the survey
of the structural effects of impact, [39] and to the
recent paper by Eichelberger, [40]. These four
references can be consulted for much of the
background work connected with the phenomena. A
definition of hypervelocity impact has been
provided by Eichelberger as: "A hypervelocity
impact is one in which the initial velocity exceeds
that necessary to produce steady state pressures
greater by an order of magnitude than the yield
strength of both the target material and the
projectile." This is the physical situation with which
the authors are concerned principally. When the
projectile and target are of the same material we
may express the above definition to some degree
numerically, by defining a number pxV"2/4Y; if the
steady-state theory of hypervelocity impact due to
Birkhoff et al. and Pack and Evans' is accepted,
then in these circumstances, the steady-state
pressure generated is pV2/4, for identical projectile
and target materials. The value to be ascribed to Y
in any given hypervelocity circumstance is scarcely
ever discussed; in fact its value is uncertain, because
it is a function of both strain-rate and temperature. It
is not clear whether the "static" yield stress value (as
obtained in a simple compression test at a strain-rate
of 10-/sec) should be used in this expression or
whether it should be the quantity at the strain-rate at
which the impact takes place. If the latter was to be
the case, then it would be difficult to know how to
find the yield stress and the rate of strain applicable,
always supposing, of course, that strain-rate has a
meaning in hypervelocity situations “of projectile
and target material, impact velocity, incident angle
and the mass and shape of the projectile. In
hypervelocity impacts, the projectile velocity
exceeds the speed of sound within the target
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material. The resulting shock wave that propagates
across the material is reflected by the surfaces of the
target, and reverses its direction of travel. The
superimposition of progressing and reflected waves
can lead to local stress levels that exceed the
material's strength, thus causing cracks and/or the
separation of spalls at significant velocities. At low
impact velocities, plastic deformation normally
prevails. With increasing velocities the projectile
will leave a crater in the target. Beyond 4 km/second
(depending on the materials), an impact will lead to
a complete break-up and melting of the projectile
and target materials. Furthermore, an ejection of
crater material to a depth of two to five times the
diameter of the projectile. However, with decreasing
target thickness, the effects range from cratering, via
internal cracks, to spall detachment, and finally to
clear hole perforations. A series of four papers were
published in [40], dealing with experimental
observations of dynamic crack propagation in thin,
large sheets of a Homalite 100 plastic material
which allow simulation of crack growth in
unbounded plates. In the first paper crack initiation
resulting from stress wave loading was examined as
well as crack arrest. It was found that for increasing
rates of loading in the microsecond range the stress
intensity  factor required for initiation rises
markedly. Crack arrest occurs abruptly without any
deceleration phase at a stress intensity lower than
that which causes initiation under quasi-static
loading. In the second paper he analyzed the
occurrence of micro cracks at the front of the
running main crack which control the rate of crack
growth. The micro cracks are recorded by real time
photography. By the same means it is shown that
these micro cracks grow and turn away smoothly
from the direction of the main crack in the process
of branching. The third paper questions the
existence of a unique relation between the
instantaneous stress intensity factor and the
instantaneous crack speed. It was shown that the
crack propagates with constant velocity from the
instant of initiation, even though the stress intensity
factor varies considerably during crack propagation.
The limiting crack speed is viewed as a consequence
of crack tip micro-fracturing discussed in the second
paper of the series. The crack branching is
considered as a natural evolution of the micro
fracturing process with certain statistical features. In
this last paper he examined the effect of stress
waves impinging on the tip of a running crack. The
stress waves are induced by (a) reflection from the
boundary through a judicious choice of specimen
geometry and (b) through use of a second stress
wave generator. It is found that these waves affect
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the direction of propagation, the crack speed, and
the process of branching. However, we conclude
that while stress waves modify the process of crack
branching they do not by themselves constitute the
reason for crack branching. Also, it is demonstrated
how wave reflections in small specimens may
complicate the dynamic crack propagation behavior
and thereby the interpretation of result. Addition to
the aforementioned structural damage,
hypervelocity impact typically creates plasma that
can lead to the electromagnetic interference. In
addition, when the spacecraft surfaces are already
electrically charged by the surrounding aerodynamic
plasma, the impact-induced plasma can give rise to
substantial electrical discharges, which can result in
a major structural damage to the spacecraft. Other
impact-induced effects include the generation of
light flashes and the attitude changes in the
spacecraft. The extent of structural damage caused
by hypervelocity impacts depends on a number of
parameters associated with the impactor (a
meteoroid or a space-debris particle) and the target
(the outer skin of the spacecraft).

I. DAMAGES CAUSED BY
HYPERVELOCITY IMPACT

As mentioned in the abstract of the paper, impact
of projectiles on target plates involves velocities
well below the sonic speed of either the projectile or
the target plate Zukas defines three ranges of impact
velocity with different failure modes. In the range of
velocities below 250 m/s, local deformations and
penetration of the test specimen are related to its
global deformations. The load carrying behavior of
the complete structural part is activated. On average
with velocities between 0,5 and 2,0 km/s, impact
principally leads to local effects.

Figure 14: A typical thick plate with the crater
formed at the top caused by a spherical projectile
which is embedded in the bottom of the crater
and a single scab detached from the rear end due
to the reflected tensile wave.
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The material reaction in the impact zone can be
described by a wave theory. The diameter of the
impact zone is about three times the diameter of the
projectile [2]. This range of velocities has been
investigated in this research paper. Higher velocities
of the projectile might cause vaporization of the
materials.

L
Fig.15: A single scab at the end of the Cutting jet
from a lined cavity shaped charge
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Fig.16: Typical sectioned wax targets, where the
velocity and the length of the projectile in (a) to
(d) were 2330, 1940, 1835 and 1667 ft/sec [35].

3 STRUCTURAL PROTECTION

SHIELDS

double-layer protection Giotto in 1985, with
Whipple shield at bottom, protection is
achieved through Whipple shields with
aluminum and Nextel-Kevlar bumper layers.
The shields are composed of an external, thin
bumper shield that is exposed to the debris flux
and causes the projectile to completely
disintegrate during impact. The resulting cloud
of liquid projectile and target material that
forms behind the bumper leads to a much wider
spatial and temporal distribution of momentum,
allowing the back wall of the shield to
withstand the impact pressure. Today, these
shields have reached a mature state of
development. In the last three decades, high
strength concrete (HSC) has been dominated as
a material for special use in high-rise buildings,
offshore structures and bridges. However HSC
is characterized not only by its high
compressive strength, but also by other
properties such as low permeability and reduced
shrinkage effects. The properties of HSC
indicate, that it must be a well-suited material
for protection against impact loading with high
dynamic effects. The behavior of slabs made of
HSC has been investigated in a research project
reported in refs.[4land42]. The aim of the
project was the development of materials and
structures which can resist high dynamic
loading. Several barriers made of different
admixtures were tested under gun fire with a
maximum velocity of 890 m/s. The tested
barriers, with an element size of 50x50 cm and
of various thicknesses, did not contain
reinforcement bars. This paper presents
different failure modes such as penetration, and
scabbing of the barriers made of different
admixtures. The experimental studies with
different thicknesses of slabs of HSC show
clearly that resistance against impact loading
not only depends on the uniaxial compressive
strength. Concrete mixtures with almost the
same compressive strength but with different
types of aggregate showed different behavior.
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Mixtures with hard aggregate like quartzite and
basalt had a higher resistance against impact
than the slabs containing limestone aggregate.
Concrete mixtures with short steel fibers
showed an optimal compromise between
workability, improved ductility and protection
against impact. The additional use of
polypropylene fibers lead to a higher ductility
of the concrete slabs. The tensile strength could
be increased so that the scabbing damages at the
rear side, caused by the reflection of the tensile
wave, were significantly reduced. A broad
range of parameters have been investigated
experimentally. Recently, with the
consequence  of the global political
developments during recent years, this puts
multiple demands on researches now more than
ever to develop new materials and protection
systems for structures and people against
damages caused by projectile impact and
hypervelocity impact phenomena, particularly
with the increase of the terrorist acts, taking into
consideration that the protection system must
be both effective and economical and the
materials and components used with it should
be available in the region where they are going
to be used. Hence, the idea of using elements of
high strength concrete (HSC) was born as an
alternative to the available protection system
made of steel elements by different military
establishments over the world. e.g. the research
project which was initiated in the research
project reported in [41]. The aim of the research
project was the development of concrete
mixtures with high compressive strength, a high
strength of mortar matrix and an optimized
connection between mortar and aggregate.
Additionally, basic research about the material
behavior of high strength concrete under impact
loading with extremely high strain rates has
been carried out. Based on the composition of
the light inter-metallic compounds; a broad
range of parameters have been investigated
experimentally. Also in their research, the
behavior of slabs made of HSC has been
investigated. Several barriers made of different
admixtures were tested under gun fire with a
maximum velocity of 890 m/s. The tested
barriers, with an element size of 50x50 cm and
of various thicknesses, did not contain
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reinforcement  bars. Furthermore, different
failure modes such as penetration and scabbing
of the barriers made of different admixtures
were investigated. The experimental studies
with different thicknesses of slabs of HSC show
clearly that resistance against impact loading
not only depends on the uniaxial compressive
strength. Concrete mixtures with almost the
same compressive strength but with different
types of aggregate showed different behavior.
Mixtures with hard aggregate like quartzite and
basalt had a higher resistance against impact
than the slabs containing limestone aggregate.
Concrete mixtures with short steel fibers
showed an optimal compromise between
workability, improved ductility and protection
against dynamic loading. Today, ESA's impact
protection research activities concentrate on
quantifying the expected failure rates and
failure characteristics of unmanned spacecraft
due to space debris and meteoroid impacts. The
aim is to reduce the design margins required for
no structural perforation, as required by manned
modules. Material models for composite
materials under very high strain rates have been
developed for Nextel and Kevlar. These models
have been wused to verify the structural
protection of several ESA spacecraft, including
Columbus and ATV. ESA's space projects use
damage assessment tools in combination with
debris and meteoroid environment models to
predict potential damage from hypervelocity
impacts, and to define effective protection
measures through shielding and design.
Smaller, objects can only be defeated by
passive protection techniques, as used with the
International Space Station (ISS). As required
by manned modules. More recently, resistance
to hypervelocity impact using reinforced
carbon-carbon/ carbon-foam thermal protection
systems was investigated using two-ply panels.
The outer panel is made of a carbon-carbon
composite while the inner ply is constructed
from a carbon-based foam. The authors carried
out a transient non-linear-dynamics based
analysis in order to predict the extent of damage
and probability for failure of the carbon-carbon/
carbon-foam common aero vehicles,(CAV),
panels during hypervelocity impact of space
debris with the outer surface of the CAVs. They
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found that despite its relatively low strength, the
carbon-foam can provide a major increase in the
resistance of the CAV panels towards
penetration of the hypervelocity debris
particles, [43].

3 Different Systems for Shielding
from Damages caused by
Hypervelocity Impact

1) Single Plate Shield:

a) Un-backed b) Backed with water C)
Backed with other materials

2. Laminated Plate Shield

a. Without separation.

b) With separation i.e With standoff distance

3) Multi Plate Shield.

4) Other Alternative Systems; replacing the
traditional engineering materials by superplastic,
ceramic, composite, fiber-reinforced materials.

5) Utilizing the Severe Plastic Deformation
Processes, SPD, e.g. Equal channel angular
pressing, (ECAP).

4 Conclusion

From the work in this paper the following points are
concluded:

i) The hypervelocity
reviewed and discussed.
i) Some of the damages caused by the phenomenon
together with some protection systems are also
presented and discussed.

iii) Despite the large number of published papers,
the subject is far from being complete and further
work is still required.

impact phenomenon is
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