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a b s t r a c t

Investigation of composite materials response to hypervelocity impact by space debris has been carried
out. In order to simulate hypervelocity impact, a unique laser driven flyer plate (LDFP) system was used,
generating hypervelocity debris with velocities of up to 3 km/s. The materials studied in this research
were Kevlar 29/epoxy and Spectra1000/epoxy thin film micro-composites (thickness of about 100 mm).
Both Spectra and Kevlar fibers are used in long-duration spacecraft outer wall shielding to reduce the
perforation threat. The micro-mechanical response of different composites was studied and correlated to
the fiber, the matrix and the fiber/matrix interface properties. Visual and microscopic examinations of
the damaged area identified fiber debonding as the prevailing failure mechanism. On the basis of
a simple energy balance model it can be stated that for Spectra/epoxy composite the dominant mech-
anism is new surface creation, whereas for Spectra surface-treated fibers/epoxy the fiber pull out is the
dominant mechanism. For Kevlar/epoxy fiber, pull out mechanism plays an important role.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The outer surfaces of satellites are exposed to hypervelocity
impact of a large population of space debris (man-made artificial
space objects that serve no useful function) and naturally occurring
meteoroids. This potential hazard has motivated research on the
effects of hypervelocity impact of space debris (at relative velocities
of 3–20 km/s) and micrometeoroids (at relative velocities of 30–
70 km/s), on the properties of spacecraft outer surfaces [1].

Fiber reinforced polymer matrix composites are used exten-
sively in spacecraft structures and satellite components such as
antenna struts, panels and low distortion frames due to their high
specific strength, high stiffness and low coefficient of thermal
expansion which result in lower launch costs in comparison to
other materials with such properties. Since composite materials
properties can be altered by varying the fiber, matrix and interface
interactions, a wide range of mechanical properties can be achieved
[2]. One of the main major concern involving the use of fiber
reinforced composites is their susceptibility to hypervelocity
impact. The damage to the composite materials is characterized by
front face spallation, debonding, an impact crater hole, rear face
spallation and ejecta plumes [3].

In order to study the hypervelocity impact resistance of fiber
reinforced composites various types of hypervelocity impact tests
have been carried out in the last two decades [1,4]. The research
þ972 8 9434403.
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methodology at ballistic impact velocities as in hypervelocity impact
is based in part on experiment, comprising failure analysis to identify
the principal fracture mechanisms generated by impact, and on
energy dissipation calculations based on theoretical modeling. The
validity of the models is determined by their ability to balance the
kinetic energy of the projectile. Among the mechanisms suggested
were fiber breakage and fibrillation, fiber/matrix debonding, matrix
deformation, spallation, and impact cratering [5].

Literature review on failure mechanisms that are associated
with the ballistic impact of polymer matrix composites shows that
the main mechanisms are classified by the contributing source,
namely, the fibers (e.g. fibrillation), the matrix (e.g. delamination,
plastic deformation, cracks formation) and the structure (e.g.
indentation, vibration). Although the impact response of the fibers
in the composite is influenced by their interaction with the matrix,
there are examples of studies of failure mechanisms of isolated
yarns and fibers subjected to ballistic impact. Such a study [6] of
Kevlar and polyethylene (PE) yarns, used in body armor and mili-
tary helmets, concluded that polymeric yarns subjected to ballistic
testing failed in either a transverse stress wave mode (low-impact
energies) or a shear mode (high-impact energies). Kevlar fibers
were seen to fail by extensive fibrillation and PE fibers in shear and
melting. Zee and Hsieh [7] studied polyethylene, aramid and
graphite fiber reinforced epoxy composites and measured the
energy loss during the penetration of ballistic projectiles. Four
distinctive energy dissipation processes were identified, consisting
of fiber deformation and breakage, matrix fracture, delamination,
and friction. The ballistic resistance of each composite system was
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balanced by a sum of proportional contributions; for example, the
ballistic resistance of the PE/epoxy system comprised 35, 40, 10 and
15% of these mechanisms, respectively.

In the case of hypervelocity impact of polymer matrix
composites such as the case in space environment, the main focus
of research until now is on composite laminates macro-phenomena
[3,8]. This paper focuses on the response of micro-composites to
hypervelocity impact. Furthermore, this paper models the different
energy absorption mechanisms that are involved when micro-
composites are impacted by projectiles at hypervelocities and
estimates their relative importance.
2. Experimental

Different micro-composite thin films with an average thickness
of 100 mm based on epoxy resin (Araldite LY564, Ciba-Geigy mixed
with hardener HY560) were prepared at curing conditions of 80 �C
in air for 5 h. The different fibers that were embedded in the epoxy
were: UHMWPE fibers (Ultrahigh molecular weight polyethylene,
Spectra 1000 fibers), Surface-treated Spectra 1000 fibers (referred
to as Spectra-RF), which were prepared by exposing the Spectra
1000 fibers to oxygen RF plasma for 2 h, and Kevlar 29 poly
(paraphenylene terephthalamide) from Du Pont.

Simulation of hypervelocity impact was carried out using
a unique laser driven flyer plate (LDFP) system [9]. The LDFP
system, shown schematically in Fig. 1, is based on a Sapphire-
Titanium laser (Thales Laser) with a wave length of 810 nm, pulse
energies from 250 to 710 mJ, and pulse length of 300 ps. The laser
beam is directed and focused by a set of mirrors and lenses into
a vacuum chamber at a pressure of about 100 mTorr. Inside the
chamber, the laser beam hits the aluminum/glass laminate at the
glass side. The beam passes through the glass without interacting
with it, and hits the aluminum/glass interface.

For the production of a laser driven flying plate, a confined
plasma has to be produced at the glass/aluminum interface. The
confined plasma generates high pressure in the range of GPa [10],
which initiates a spallation process. This process requires a surface
intensity in the range of 1010–1012 W/cm2 [11]. The instantaneous
high pressure generates a shock wave that propagates into the
aluminum at the speed of sound. When the shock wave reaches the
Fig. 1. A schematic drawing of the laser driven flyer facility and the set up for flyer
velocity measurement.
aluminum surface, a rarefaction wave returns into the aluminum
bulk. As the laser pulse ends, another rarefaction wave follows the
shock wave. The two rarefaction waves progress one toward the
other, applying strain to the aluminum bulk at opposite directions.
As they meet, a spall is generated. The pressure applied by the
plasma causes the spalled area to fly away at ultrahigh velocity as
an aluminum flyer. The size of the aluminum flyer that is formed is
identical to the beam spot size hitting the interface, which is about
1 mm diameter. The laser beam spot size can be controlled by
changing the distance of the focusing lens from the aluminum/glass
target affecting the flyer velocity. Flyer velocities of 1–3 km/s have
been achieved. The flyer plate velocity measurement was con-
ducted using a prism, an He:Ne continuous laser, and a photodiode
connected to a scope as shown in Fig. 1.

The flyer plate size evaluation was carried out by absorbing the
aluminum flyer by a silicone gel and measuring the impacted area
size. An optical microscopy image of the silicone gel surface
impacted with a 1.2 km/s Al flyer is shown in Fig. 2. The major crater
area is about 1.6 mm2, as measured using an image analysis soft-
ware [12], corresponding to an aluminum flyer diameter of 1.4 mm.

In order to model the dominant failure mechanism of the
composites, both the fiber tensile strength and the interface
adhesion were measured. The fiber tensile strength was measured
using Instron instrument (Model 4502, strain rate 0.1 mm/min,
load cell 10 N). The fiber/matrix interface adhesion was character-
ized by a Microbond test. In this test a tiny droplet of uncured resin
is placed on the fiber and cured in position. Following polymeri-
zation of the droplet, the fiber diameter and the droplet length are
measured with the aid of an optical microscope to determine the
embedment area. The specimen is then placed in tensile testing
machine so that one fiber end is gripped and the resin droplet is
placed between two knife edges. The fiber is pulled against the
knife edges and the resulting shearing force is registered [13–15].

The fracture of the micro-composites due to hypervelocity
impact was studied using Optical microscope model Leica DC300
and Environmental Scanning Electron Microscope (ESEM) model
Quanta 200 from FEI, allowing fracture characterization without
the need of a conductive coating. The hypervelocity impact tests
included over 50 thin films of different micro-composites at
different hypervelocity impact speeds.

3. Results and discussion

The micro-mechanical response of different micro-composite
materials to hypervelocity impact was studied experimentally, and
Fig. 2. Front side optical microscope image of the aluminum flyer absorbed in the
silicone gel.



Table 2
The interfacial shear strength, s (MPa)

Kevlar 29/epoxy Spectra 1000/epoxy Spectra-RF/epoxy

24.6� 10.6 5.8� 2.9 11.8� 4.8
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modeled using several material properties. These properties are the
fiber and the matrix tensile strengths, and the fiber/matrix inter-
facial adhesion, which were measured as described below (Sections
3.1–3.3).

3.1. Fiber strength

Tensile strength of each of the three fibers used in this study was
measured (30 measurements each) and for each of the fibers a tensile
strength distribution curve was fitted to a Weibull model [16,17]:

FðxÞ ¼ 1� exp
�
�
�x

a

�b
�
; (1)

where F(x) is the probability of failure up to the applied stress x; b is
the shape parameter, which characterizes the width of the distri-
bution; a is the scale parameter, which is approximately the mean
or the expected failure stress. The extracted Weibull parameters
a and b are presented in Table 1.

The measured tensile strength of Kevlar 29 is in reasonable
agreement with previously published results [18,19]. Weibull
parameters for Spectra fibers are similar to previously published
data (a¼ 3.3 GPa and b¼ 4.15) [17]. The tensile strength of RF
oxygen plasma treated Spectra fiber was 50% lower compared to
the untreated Spectra fibers. This is most likely due to a combined
effect of atomic oxygen and VUV radiation present in RF plasma,
which results in surface erosion, increase of surface roughness and
appearance of cracks [20].

3.2. Matrix strength

The epoxy matrix tensile strength was also measured, and was
found to be 42� 3 MPa which is compatible with previously
published data on epoxy resins [16].

3.3. Interface strength

The fiber/matrix interfacial adhesion was measured using
microbond tests. The evaluated interfacial shear strength for the
different micro-composites is shown in Table 2.

The Kevlar/epoxy interface is characterized by a relatively strong
adhesion, compared to Spectra/epoxy, which is reflected by the
high value of the interfacial shear strength, 24.6 MPa. This value is
comparable to the published data [21,22].

In general, the adhesion of Spectra fibers to an epoxy matrix is
low since PE fiber is non-polar on its surface and is expected to have
very weak compatibility with other resins unless surface treatment
is applied [23]. This expectation is consistent with the obtained low
value of the interfacial shear strength for Spectra/epoxy samples,
5.8 MPa.

The effect of the oxygen RF plasma on the Spectra fibers adhe-
sion properties was significant: the interfacial shear strength was
doubled as a result of RF oxygen plasma treatment (11.8 MPa
compared to 5.8 MPa for pristine fibers).

3.4. Hypervelocity impact damage characterization

The analysis of impact damaged area was based on post-impact
observations of specimen damage. The analysis focused on
Table 1
The Weibull parameters (a – scale parameter in GPa and b – shape parameter,
dimensionless) for the tested fibers

Kevlar 29 Spectra 1000 Spectra-RF

a¼ 3.1 a¼ 3.9 a¼ 1.5
b¼ 7.6 b¼ 6.3 b¼ 2.8
permanent damage such as the crater hole, fiber breakage, fiber
pull out, fiber debonding which are an apparent evidence of energy
dissipation processes. Hence, the analysis disregards transient
events such as the resulting kinetic and vibration energies of the
specimen and the viscoelastic response of the matrix, which do not
leave their mark on the specimen.

More than 50 specimens were impacted at the hypervelocity
impact facility at different impact velocities. Using the imaging
techniques described in Section 2 the damaged area was measured
and the results are summarized in Table 3.
3.5. Energy absorption mechanisms and their magnitude

When a composite material is subjected to hypervelocity
impact, several energy absorption modes can take place such as
delamination, matrix cracking, fiber/matrix debonding, fiber pull
out, new surface creation, and fiber fracture. Increasing the velocity,
i.e. increasing the strain rate, causes the energy transfer rate to
increase as well. Nevertheless, the composite has a finite response
time, depending upon its viscoelastic properties. If the impact
velocity is too high, energy transfer is faster than the impact energy
absorption by composite strain, leading to additional failure
mechanisms such as interface failure, which was shown to be
a significant failure mode [24].

A model is suggested based on the measured material properties
(see Sections 3.1–3.3), based on the measured damaged area (see
Section 3.4), visual post-impact observations and analysis of the
different damage modes. The visual analysis included observing
whether fiber pull out or fiber debonding mechanism is involved
(for clarification of these mechanisms see Fig. 3(3)), as well as
measuring the different fracture mechanisms parameters such as
the penetration hole diameter and the fiber debonding length by
using image analysis software [12]. The fiber, matrix and interface
input properties that were used are summarized in Table 4.

As is shown in Fig 3(1), at low velocity impacts, similar quali-
tative results were achieved for all types of the fibers/matrix
composites, whereas higher impact velocity revealed different
fracture pattern for Kevlar/epoxy and Spectra/epoxy and Spectra-
RF/epoxy composites, depending upon the fiber/matrix interface
properties, as shown in Fig. 3(2,3).

SEM image of the impacted Kevlar/epoxy sample (Fig. 3(3)a)
demonstrates that the matrix fails in a brittle manner, and all
embedded fibers are broken and pulled out. In the case of Spectra/
epoxy (Fig. 3(3)b), the damaged area is bordered by the strained,
but intact Spectra fibers. This most important difference between
the behavior of Kevlar and Spectra fibers may be explained by the
poor adhesion properties of Spectra/epoxy interface, compared to
Kevlar/epoxy, as described in Section 3.3 (Table 2). As a result of the
weak interface, the load does not transfer properly to the fibers and
debonding between the fibers and matrix occurs, causing the fibers
to slip out without breaking.
Table 3
The averaged damaged area (mm2) and the averaged penetration hole diameter
(mm) at hypervelocity impact of 1.6 km/s

Kevlar 29/epoxy Spectra 1000/epoxy Spectra-RF/epoxy

Hole area, Ahole 3 1.2 8.1
Hole diameter, dpen 1.95 1.24 3.2



Fig. 3. Back side optical microscope (columns 1 and 2) and ESEM (column 3) images of (a) Kevlar 29 (b) Spectra and (c) Spectra-RF fibers embedded in epoxy at impact velocities of
0.9 km/s (1), and 1.6 km/s (2,3). ESEM images (3) show magnification of the optical images of column 2.
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Figure 3(3)b clearly shows the fiber detachment and the fiber/
matrix interface failure. Figure 3(3)c demonstrates the fracture of
the Spectra-RF fibers. In this case, both fibers and matrix experi-
enced severe damage: fibers were broken and pulled out as well as
fiber debonding as can be noticed by the fact that the damaged area
is bordered by the fibers. The RF plasma treatment has doubled the
interfacial adhesion compared to the pristine Spectra fibers (Table
2), resulting in a zigzag pattern between two fibers which is an
indication of better adhesion.

At a flyer velocity of 0.9 km/s there is no penetration hole (like in
ballistic limit), as opposed to a hole created at 1.6 km/s, as shown in
Fig. 3. It was assumed, therefore, that the kinetic energy of a flyer at
0.9 km/s was absorbed by the sample, being a lower limit for
energy absorption; the kinetic energy was calculated using:

Ek ¼
1
2

mv2; (2)
Table 4
Material properties used in the model

Property Kevlar 29 Spectra 1000 Spectra-RF

sf (GPa) 3.1 3.9 1.5
Ef (GPa) 65 175 175
N 4 None 5
n 7 7 7
r (mm) 6 13.5 13.5
ff 2.64� 10�3 0.013 0.013
s (MPa) 24.6 5.8 11.8
t (mm) 100 100 100
Lavr (mm) 1.4 2 2.5
w (mm) 3 3 3
where the flyer mass m¼ 43.2 mg and velocity v¼ 0.9 km/s. This
gives an equivalent kinetic energy of 0.017 J. The same calculation
can be used with a flyer velocity of v¼ 1.6 km/s to give the upper
limit of absorbed energy of 0.055 J.

The absorbed energy is dissipated by different energy absorp-
tion mechanisms such as fiber break, matrix failure, fiber pull out,
fiber debonding, and new surface creation. Each of these energy
dissipation mechanisms were calculated based on a simple model
as follows.

3.5.1. Fiber breakage surface energy
Considering linear elastic fracture behavior of the fibers, the

fiber breakage surface energy gfb, associated with fiber breakage
across the penetration hole is given by [6]:

gfb ¼
Ns2

f pr2

2Ef t
; (3)
Explanation Source

Fiber ultimate strength Measured a, see Section 3.1
Fiber Young’s modulus Ref. [16]
Number of broken fibers Measured by visual examination
Number of embedded fibers Set in micro-composite preparation
Fiber radius Measured
Fiber volume fraction ff¼ npr2/tw Calculated
Interfacial shear strength Measured, see Section 3.3
Specimen thickness Set in micro-composite preparation
Fiber debonding length Measured
Specimen width Set in micro-composite preparation



Table 5
The total surface energy, J/m2 and total energy, J

Kevlar 29 Spectra 1000 Spectra-RF

gfb (J/m2) 334 0 – no fiber break 184
gpull out (J/m2) 516 0 – no fiber pull out 2790
gdebonding (J/m2) 273 1130 209
gsurface (J/m2) 100 2620 496
gm (J/m2) 300 300 300
gTotal (J/m2) 1523 4050 3980
U (J) 9.3� 10�4 1.6� 10�3 4.0� 10�3
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where sf is the ultimate strength, which was measured as described
in Section 3.1 and defined as a, the scale parameter (approximately
the mean or the expected failure stress), r is the fiber radius, Ef is
Young’s modulus of the fiber, N is the number of broken fibers, and t
is the sample thickness which is equal to 100 mm.

3.5.2. Fiber pull out surface energy
When the external loading continues and the crack propagates,

the broken fibers are pulled from the matrix, resulting in a contin-
uation of the post-debonding frictional work. The fiber pull out
energy was calculated according to Cottrell and Kelly model [25]
which is based on the work done against fiber/matrix friction in
extracting the broken fibers from the matrix and using the Kelly-
Tyson fiber critical length, [c:

gpull out ¼
ff sf [c

12
; (4)

[c ¼
sf d
2s
: (5)

The fiber critical length [c is defined as follows: when the tensile
stress in the fiber reaches its ultimate strength during the loading of
a fiber/matrix composite, the fiber fragments into two parts. Upon
further loading the fiber continues to fragment into even smaller
pieces until the fiber fragment length becomes too small to enable
loading it to fracture. This fiber length is called critical length ð[cÞ.

3.5.3. Debonding surface energy
For a composite containing fibers whose maximum strain is

greater than that of matrix, the crack propagating in the matrix is
halted by the stiff fiber if the current level of stress is not high
enough for the fiber to break. Alternatively, the crack may pass
around the fiber with little damage to the interface bond. As the
applied load is further increased, the fiber and matrix attempt to
deform differentially, causing local Poisson contraction. Relatively
large local stresses are built up in the fiber at the same time. This
allows the level of shear force developed at the interface to exceed
the apparent interfacial shear bond strength, and results in inter-
facial debonding at the crack plane.

The fiber debonding energy was calculated according to Out-
water and Murphy model [25,26] as follows:

gdebonding ¼
ff s2

f L
2Ef

; (6)

where L is the measured average debonding length.

3.5.4. New surface creation energy
The new surface creation energy is calculated based on Marston

model [25,26]:

gsurface ¼
2ff [c

d
gin ¼

ff sf
s

gin: (7)

Assuming the interface surface fracture energy, gin, is as the
surface fracture energy of epoxy, gm, equal to 300 J/m2 [16].

3.5.5. Energy balance
The sum of all the contributions gives part of the total energy

absorbed by the composite.

gTotal � gsurface þ gdebonding þ gpull out þ gfb þ gm; (8)

U ¼ gTotalA; (9)

where U is the total energy in Joule and A is the penetration region,
approximately given by Pdpent (see Table 3).
Table 5 summarizes all the classical energy dissipation mecha-
nisms based on the input data that were presented in Table 4, and
using Eqs. (3)–(9).

Based on the absorbed energies calculated for the classical
absorption mechanisms (Table 5), it can be seen that for Spectra/
epoxy composite the dominant energy absorption mechanism is
new surface creation, while for Spectra-RF/epoxy the fiber pull out
is the dominant mechanism. For Kevlar/epoxy fiber, pull out
mechanism plays an important role. Failure analysis of the Spectra/
epoxy micro-composites, based on post-impact microscopic/visual
examinations of the films, identifies interface failure and new
surface formation as the main failure mechanism. Previous work
[27] described fracture modes in Kevlar, Spectra and Spectra-RF
based micro-composites identified using fractography analysis.
This model further explains quantitatively the same fracture modes
based on energy absorption mechanisms.

The lower limit of the calculated absorbed energy was 0.017 J
which is the kinetic energy corresponding to a flyer velocity of
0.9 km/s. Since this flyer did not completely penetrate the sample, it
can safely be assumed that this kinetic energy was totally absorbed by
the sample. The flyer with a velocity of 1.6 km/s (for which this
energy balance was performed) penetrated the sample with
a residual velocity that was unmeasured. Therefore, the upper limit
for the absorbed energy is 0.055 J. From the energy balance given in
Table 5, it can be seen that these fracture mechanisms dissipated part
of the energy. The relative contribution of the different mechanisms
at hypervelocity impact is the same as in low velocity impact. For
example, the main fracture mechanism for spectra fiber composite at
hypervelocity is interface failure as in the case of low-impact velocity.
In addition to these fracture mechanisms other energy dissipation
mechanisms were involved such as heat and spallation, which are
also a fast energy loss mechanism at high strain rate.
4. Conclusions

Fracture mechanisms of three micro-composite systems (Kevlar
29/epoxy, Spectra 1000/epoxy, Spectra1000-RF/epoxy) were
studied using hypervelocity impact with high strain rate. The main
fracture mechanism of each micro-composite was deduced from
the absorbed energy calculated for the classical absorption mech-
anisms. In Kevlar 29 based composites the fracture mode revealed
a strong interfacial strength, thus causing damage to the matrix as
well as the fiber. The dominant fracture mechanism was fiber pull
out. In the case of Spectra 1000/epoxy, new surface creation was the
main mechanism. To strengthen the interface between Spectra
1000 and epoxy, Spectra 1000 fibers were etched in oxygen RF
plasma prior to embedding in the epoxy matrix. The etching caused
fiber surface restructuring, increasing the interface strength. As
a result, cracks in the matrix and breakage of the fiber as well as
fiber pull out were observed, in contrast to the untreated fiber
which failed predominantly by fiber/matrix separation. These
classical fracture mechanisms of composites occur in hypervelocity
impact as they do in low velocity case.
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