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Abstract

Space debris population in low Earth orbit has been increasing constantly with the increase in spacecraft missions. Hypervelocity
space debris impacts limit the functionality of polymeric outer surfaces and, in extreme cases, might cause a total loss of a spacecraft.
In this work, the fracture of Kapton films by ultrahigh velocity impacts was studied. A laser-driven flyer ground simulation system
was used to accelerate aluminum flyers to impact velocities as high as 2.9 km/s against polymer films with different thicknesses. Scan-
ning electron microscopy was used to characterize the fracture morphology. Impact effects on the internal structure of the polymer
were studied by means of X-ray microtomography. It was found that with an increase in debris velocity, a ductile-to-brittle tran-
sition occurred. However, fractures created by impacts at velocities above 1.7 km/s showed central impacts regions, which experi-
enced the highest strain rate and were of ductile-type fracture, while the outer regions, which experienced a lower strain rate, failed
through brittle cracking. A model explaining this phenomenon, based on the temperature gradient developed within the impacted

region during collision, is presented.
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Keywords: Polymers; Fracture; Impact behavior; Scanning electron microscopy (SEM); Synchrotron radiation

1. Introduction

Most satellites nowadays are being launched into low
Earth orbit (LEO) altitudes, ranging from 200 to
700 km. The LEO space environment possesses many
obstacles to a successive spacecraft mission, either natu-
ral or man-made. The degrading environment for car-
bon-based materials, for example, includes atomic
oxygen (AQO), ultraviolet (UV) radiation, ionizing radia-
tion (e.g., electrons and protons), ultrahigh vacuum
(UHV), thermal cycles, micrometeoroids and orbital
debris. Due to either singular or synergistic interactions
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between these space components, structural materials —
in particular polymer-based materials — suffer a rela-
tively rapid erosion (mass loss), structure modification
and surface roughening, leading to irreversible degrada-
tion of their optical, thermal, electrical and mechanical
properties [1,2]. Therefore, a careful selection of satellite
external surface materials, mainly polymer films and
paints, is required [3].

Micrometeoroids originate naturally from planetary
or asteroidal collisions and cometary ejecta [4]. Hyper-
velocity debris at LEO altitudes are man-made and con-
sist mainly of large objects such as spent satellites and
rockets, and mostly of small objects such as aluminum
oxide fuel particles, paint chips and fragmentation ob-
jects from collisions of these bodies in orbit [4]. Typical
velocities of debris particles range from few kilometers
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per second up to 16 km/s, making these particles a threat
to spacecrafts. The debris issue must be quantified over
the projected lifetime of a spacecraft to determine the
life expectancy of exposed systems and to quantify nec-
essary shielding requirements [5].

The recovery of several spacecrafts in the last decade
has offered information concerning the directionality of
the LEO meteoroids and space debris fluxes [6]. Such
recovered spacecrafts and their parts include one of
the Hubble space telescope solar arrays (retrieved at
1993), the European Retrievable Carrier — EURECA
(retrieved at 1993), and the Long Duration Exposure
Facility — LDEF (retrieved in 1990 after 69 months in
LEO). Based on studies of the retrieved components
or spacecrafts, the following conclusions have been
drawn. Spacecraft debris impacts can degrade the per-
formance of exposed spacecraft materials and, in some
cases, prevent the satellite from performing or complet-
ing its mission [3]. The Hubble’s solar array, for exam-
ple, suffered impacts at ultrahigh velocities ranging
from 2.9 to 11.5 km/s from particles 7-98 um in diame-
ter [7]. Particles traveling at ultrahigh velocities gener-
ated temperatures of approximately 4700 °C and
pressures of several mega-Bars when they collided with
a surface [8]. Accumulation of impacts over the large
surface area of solar panels has led, in some cases, to
degradation in efficiency [9].

Impacts into metals form craters, which have diame-
ters averaging about five times the impact diameter.
These craters are of concern because they can prevent
impacted components from operating. In the case of
composites, if a complete penetration occurs, it can lead
to further breakdown of the composite during subse-
quent exposure to AO or VUV. Debris impacts into pol-
ymer films occur quite often, since they are used
extensively onboard spacecrafts, mainly as thermal blan-
kets. Mostly, these materials are thin laminated layers;
thus the impacts cause delamination of these layers into
many times the diameter of the crater [3]. Thermal con-
trol materials on the LDEF have demonstrated the sig-
nificant synergism of orbital debris with other space
environment. These synergisms further expanded the
damaged areas caused by impacts. For example,
the top surface of a metalized Mylar sample aboard
the LDEF was completely eroded, exposing the interior
surfaces to VUV radiation, AO and thermal cycling.

As the number of missions sent into LEO is increas-
ing, the frequency of debris impacts is expected to in-
crease as well [3]. Such an increase may lead to further
complications in operation of satellites in LEO environ-
ment. These complications may be in the form of (i)
accelerated development of molecular and particle con-
tamination, and (ii) an increased change in optical and
mechanical properties due to debris impact. Thermal
blankets that cover large parts of a spacecraft will par-
ticularly be subjected to these changes. The expected

increase in impact frequency, in combination with the
common use of polymeric thermal blankets onboard
spacecrafts, provides the main motivation of this study.
In this work, the fracture of Kapton films (the most
common polymer in space applications) by hyperveloc-
ity impacts was studied. Following description of the
experimental procedures in Section 2, the results and
discussion will be provided in Section 3.

2. Experimental procedures

In this section, we first describe in Section 2.1 the la-
ser driven flyer (LDF) method that was applied at Soreq
NRC. In Section 2.2, a complementary technique that
was developed especially to measure the flyer velocity
in situ and in real time is presented. Finally, Section
2.3 describes the materials and characterization tech-
niques that were used.

2.1. The laser-driven flyer ground simulation method

For the simulation of spacecraft hypervelocity debris
with dimensions ranging from 10 to 100’s um and im-
pact velocities of up to 3 km/s, the LDF method was
used. LDF is attractive as an acceleration technique
for debris simulation due to its relative simplicity, low
cost, ease of incorporation into a vacuum facility, and
high shot rate capability [8,10,11].

Fig. 1 shows a schematic diagram of the LDF proc-
ess. The heart of Soreq’s LDF system is a high-power
Sapphire:Titanium laser (Thompson, Inc.) with two op-
tional pulse lengths: 50 fs and 300 ps, the latter being
used in this work. The wavelength in which the laser
operates is 810 nm, and a range of pulse energies is avail-
able — from 250 to 750 mJ. The laser beam is guided
through a set of mirrors into a vacuum chamber operat-
ing at a base pressure of 20 mTorr (Fig. 1b). Before
entering the chamber, the beam passes through a focus-
ing lens attached to a linear motion mechanism. Inside
the chamber (Fig. la), the laser beam irradiates a
12 pum-thick pure aluminum foil through a BK7 glass
substrate, to which it is tenaciously bonded (this lami-
nate being referred, hereafter, as target). The beam
passes through the glass without interacting with it, until
it hits the aluminum/glass interface. At the interface, a
high-temperature and high-pressure plasma is formed,
which then expands perpendicularly to the foil. The the-
ory of laser—plasma interaction, which is responsible in
this work to the production of the projectiles, is ex-
plained in detail elsewhere [12]. Briefly, the expanding
plasma induces a shock wave in the target, moving faster
than the speed of sound toward the free (rear) surface.
When the shock wave reaches the free surface, the latter
is accelerated, and the former is reflected as a rarefaction
wave. The rarefaction wave, moving in an opposite
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Fig. 1. (a) Schematic description of the LDF process, and (b) the experimental setup used in this work.

direction, causes deceleration of the free surface. The
two rarefaction waves (i.c., the tail of the initial pressure
wave and the wave reflected from the free surface), run-
ning in opposite directions, generate tension of the mate-
rial. When the tension (i.e., negative pressure) exceeds
the material spall pressure, a spall forms in a plane par-
allel to the rear surface. The spall may be defined as the
process of internal failure or rupture of the media due to
stresses in excess of the tensile strength of the material.
A pressure gradient between the plasma pressure on
one side and the vacuum zero pressure on the other side
causes the spalled layer acceleration, which results in an
aluminum layer to fly away at ultrahigh velocity as high
as about 3 km/s. The size of the aluminum flyer formed
is of the order of the beam spot size hitting the surface.
By changing the distance of the focusing lens from the
target, the spot size can be controlled, thus controlling
also the flyer velocity. The aluminum flyers in this work
were accelerated towards polymer samples, which were
placed at a selectable distance of 2-12 mm from the
target.

The selection of a suitable process for the fabrication
of the metal/glass laminates is crucial for the success of
the LDF method. A tenacious bond is required to achieve
the desired velocities. The bond must allow the highest
possible pressure to be attained, and the “break loose”
stress should be a function of the metal yield strength
rather than the interface bond strength [11]. In this pro-
ject, the method used for production of proper metal/
glass bonding is the field-assisted diffusion bond method.
After cleaning both the glass substrate and the aluminum
foil, they are placed between two heavy metal rods, which
serve as the anode and cathode. This structure is then
placed vertically inside a furnace and connected to a

high-voltage power supply. The system is heated to
370 °C, and a voltage of 300 V is applied for 10 s. Subse-
quently, the system is cooled to room temperature.

2.2. Flyer velocities measurement

The flyer velocity is a function of the laser beam spot
size (as described in Section 2.1) and pulse energy. The
theoretical flyer velocity is the maximum possible veloc-
ity obtained when assuming a system’s hydrodynamic
efficiency, #, = 1.0. This value means that the whole la-
ser pulse energy is transformed into flyer kinetic energy.
The hydrodynamic efficiency is defined as:

nh:Ekf/Elp:UyZn/Ugv (1)

where Eis the flyer kinetic energy, Ej, is the laser pulse
energy, vy, and v, are the measured and theoretical veloc-
ities, respectively.

In this work, a very simple setup was designed and
put together in order to measure the flyer velocity in
situ. This setup is shown schematically in Fig. 2(a). A
continuous He:Ne laser beam is set orthogonal to the
flyer’s trajectory, and by using a prism the beam crosses
the flyer path twice. The two parallel beams are set at a
known distance of 13 mm from each other. A photodi-
ode attached to a scope receives the continuous laser sig-
nal. As the flyers cross the continuous laser’s path, two
peaks are detected by the scope, allowing the velocity
calculation. Fig. 2(b) shows a typical scope display for
a laser pulse energy of 650 mJ, with two intensity peaks
evident approximately 6 ps apart, corresponding to a
flyer velocity of 2 km/s. One should note that the broad
peak results from the formation of many projectiles,
rather than just one effective projectile.
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Fig. 2. (a) Schematic description of the flyer velocity measurement setup, and (b) a typical scope display for an LDF experiment with a laser pulse
energy of 650 mJ, revealing two peaks (marked by arrows) approximately 6 ps apart.

2.3. Materials and characterization techniques

The material studied in this work is commercial Kap-
ton HN Polyimide (DuPont, Inc.) in the form of 25, 50
and 125 pm-thick films. The selection of this material is
not arbitrary. Kapton possesses a unique combination
of properties that makes it attractive for a variety of
applications onboard of spacecrafts. Its main use is as
the outer layer of multilayer thermal control insulation
blankets, and also as flexible substrates for high-power
solar arrays. Among its main properties are: inherent
strength, temperature stability, excellent insulation
properties, and stability under ionizing and UV radia-
tion. Kapton is also known for its superior optical prop-
erties, including low solar absorbance and high thermal
emittance.

The morphology of craters and fractures resulting
from the debris impacts is studied using an environmen-
tal scanning electron microscope (ESEM, model Quanta
200 from FEI). This microscope allows characterization
of degassing and non-conductive samples (e.g., Kapton
and glass) without the need for a conductive coating.

Impact effects on the internal three-dimensional
microstructure of Kapton are studied by means of the
direct, non-invasive X-ray absorption micro-computer-
ized tomography (u-CT) [13]. This technique is the
extension of CT; it creates cross-sectional images with
a spatial resolution approaching 1 pm. Obtaining a high
spatial resolution requires X-ray sources with a high
photon flux. For this purpose, the use of synchrotron
radiation is particularly attractive because it allows for
high photographic resolution on the micrometer scale.
Synchrotron radiation has numerous potential applica-
tions in various fields, mainly for the investigation of
materials (e.g., alloys, porous media, or composite mate-
rials), but also for biological or geological samples. Per-
haps most important, the tunability of a synchrotron
source can be used to create tomographic images above
and below the absorption edge of many elements, and
provides the ability to make three-dimensional concen-
tration mapping of those elements. Synchrotron radia-

tion-based u-CT is performed in this project at
beamline BW2 of HASYLAB at DESY (Hamburg, Ger-
many), using monochromatic X-rays [14].

3. Results and discussion

In Section 3.1 we first characterize the flyers in LDF
experiments in terms of their sizes and velocities. Next,
in Section 3.2 we present u-CT data that helps in evalu-
ation of the microstructural damage that results from
impacting the Kapton foils. Section 3.3 then presents
SEM analysis of the craters and cracking associated
with debris impacts under different conditions of poly-
mer foil thickness and flyer velocity. Finally, in Section
3.4 the authors suggest a model to explain the different
fracture modes observed, in terms of an energy balance
and the related temperature gradient that forms in the
material when impacted.

3.1. Measurements of flyer velocity and flyer size

As described in Section 2.2, the flyer velocity is a
function of the laser beam spot size and pulse energy.
Fig. 3 shows the theoretical (i.e., kinetic energy defini-
tion) and measured flyer velocities as a function of the
laser’s pulse energy. The ordinate error bars in this fig-
ure were drawn based on the minimal and maximal
deviation between the two scope peaks at full width at
half maximum (FWHM). It is noted that at the highest
pulse energy attainable (750 mJ), a flyer velocity of
2.9 km/s is measured. When applying the theoretical
and measured velocities into Eq. (1), the Soreq’s LDF
system hydrodynamic efficiency may be calculated as
nn = 0.23.

In order to estimate the flyer size, a series of four
experiments was conducted, using a 1.6 mm-thick BK7
glass as the impacted sample. All experiments were car-
ried out using similar parameters: pulse energy 250 mlJ,
vacuum pressure 100 mTorr, pulse duration 300 ps, and
a flyer velocity of 1.4 km/s. Fig. 4 shows a typical ESEM
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Fig. 3. The flyer measured and theoretical velocities as a function of
the laser pulse energy.
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Fig. 4. A typical ESEM image of an impact-induced crater on a glass
surface. Impact conditions are: 250 mJ pulse energy, 300 ps pulse
duration, 100 mTorr base pressure, and 1.4 km/s flyer velocity.

image of an impact-induced crater on the glass surface.
The flyer effective diameter, dy, can be calculated using
the ‘Conchoidal Cracking Diameter Equation’ [7]:

de =5 % 10_4,0;0‘5,0?‘710’}‘130?'754, (2)

where d_, is the diameter of the outer concentric crack-
ing region (measured on Fig. 4), p, and py are the sample
(glass) and flyer (aluminum) densities, respectively, and
vr is the flyer velocity (measured as in Fig. 3). The values
are substituted into Eq. (2) in cgs units. This calculation
yielded an effective flyer diameter within the range of
23-29 um for all experiments. This repeatability of re-
sults seems to be very good. It should be noted, how-
ever, that each laser shot at the target produces in
practice a cloud of flyers with different diameters, all
traveling at ultrahigh velocities. The existence of such
a cloud is evident by the width and asymmetry of the
peaks in Fig. 2(b) and by the microtomography results
(see Section 3.2).

3.2. Microtomography analysis of the internal impact-
induced damage

As described in Section 2.3, impact effects on the
internal three-dimensional microstructure of Kapton
are studied by means of microtomography (pu-CT). This
technique provides three-dimensional representations of
a specimen by reconstructing a series of two-dimen-
sional absorption images. Here, preliminary data from
a comprehensive work is presented. Fig. 5 shows two-
dimensional cuts through a three-dimensional image of
a 125 pum-thick Kapton sample impacted by 2.9 km/s
debris. Fig. 5(a) shows a top-view cut of the impacted
Kapton just below the surface. The white regions are
aluminum particles imbedded in the polymer at the dis-
played depth. The dark areas are holes created by the
impacts. These results provide information on the size
and distribution of the debris. It is evident that the cloud
of aluminum flyers created by the LDF system is com-
posed of several small debris, each of the order of few
tens of micrometers in size. This observation supports
the results presented in Section 3.1. Fig. 5(b) shows a
cross-section of the impacted sample, revealing — besides
of the observed holes — also the formation of longitudi-
nal cracks. These cracks originate from debris impacts
and the related spallation process. The spallation proc-
ess has already been explained in Section 2.1. In brief,
when the tension amplitude generated by the two rare-
faction waves exceeds the tensile strength of Kapton, a
dynamic fracture (i.e., spall) occurs — see Fig. 6. The
engineering fracture strain, ¢, due to shock wave effects
only, may be defined based on the general relation [15]

& = (Ly — Lo) /Lo, (3)

where L is the initial sample length and Ly is its length
at fracture. This equation is obviously only an approxi-
mation when carrying out the measurement of L ex situ,
after the fracture already occurred, because it ignores
the elastic strain that is released upon fracture. Yet, it
is satisfactory for the following estimation of strain rate.
From Eq. (3) and measurement of L; on Fig. 6, & =
14.2% is obtained. Assuming that all waves propagate
inside the material at the speed of sound (1326 m/s is
considered herein [16,17]), the time required for them
to propagate to failure is approximately 7= 1.4x
10~7 s. Hence, the strain rate that Kapton experienced
during the dynamic process is ultrahigh — approximately
1.0x 10° 1/s.

3.3. The effects of polymer film thickness and flyer
velocity on cratering and cracking appearance

In this section, typical ESEM images are shown and
used to characterize the morphology of cracking in im-
pacted samples, for different thicknesses and flyer
velocities.
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Fig. 5. X-ray microtomogrphy two-dimensional cuts through a three-dimensional image of 125 pm-thick Kapton sample impacted by 2.9 km/s
debris. (a) Shows a top-view just below the surface, while (b) shows the cross-section.

Fig. 6. A cross-section of X-ray microtomogrphy from a 125 pm-thick Kapton impacted by 2.9 km/s debris. A spall created by the impact is evident

and used to estimate the fracture strain.

The effect of film thickness on the extent and nature of
damage introduced into the Kapton film is demonstrated
in Fig. 7. Laser driven flyers with velocity of 1.73 km/s
are shot in this case against 25, 50 and 125 um-thick Kap-
ton films. All images in Fig. 7 are acquired from the im-
pacted sample exit side. It is evident that as the film
thickness increases, a transition from brittle (Fig. 7(a)) to
ductile (Fig. 7(c)) fracture occurs, and the overall extent
of damage caused by the impact is reduced too (note the
different scale bar). The 25 pm-thick Kapton film
(Fig. 7(a)) has experienced significant damage with radial
brittle-like cracks emanating from a central impact zone.
The 50 pm-thick Kapton film (Fig. 7(b)) experienced less
damage, lacking any radial cracks; only few punctures
are noticed. The least damage is introduced into the
125 um-thick Kapton film (Fig. 7(c)); only a single penetra-
tion zone is observed, exhibiting a volcano-like puncture.

The following argument may be given to explain this
thickness dependence behavior. As the Kapton film
becomes thicker, its ability to absorb energy and slow

the flyer increases. Consequently, the strain rate associ-
ated with the impact process is reduced. For the 25 um-
thick film, the strain rate is high enough to catalyze the
formation of brittle radial cracks. For the 50 pm-thick
film, intermediate strain rates probably exist, leading
to a semi-ductile fracture of the polymer. In this case,
no sufficient energy is left to allow radial cracking. Fi-
nally, in the case of the 125 pm-thick film, only a single
puncture is formed — most likely by a single flyer. The
strain rate under which this process takes place is low
enough to enable ductile fracture.

In order to support the suggested argument, a 50 pm-
thick Kapton film was impacted at a velocity of 1.8 km/s
and examined microscopically both from the impact side
and the exit side. The aluminum flyer residues that are
typically attached to the impact side were removed by
rinsing the sample in a 15% hydrochloric acid for a per-
iod of 10 min. Microscopic examination (data not
shown) of the exit side revealed a semi-ductile fracture,
with almost clear shear of the polymer film and no crack
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Fig. 7. Impacts at velocity of 1.7 km/s into: (a) 25 um-, (b) 50 pm-, and (c) 125 pm-thick Kapton films. Note the different scale bar in (c).

formation. The impact side, on the other hand, exhibited
a much more brittle nature, with shallow, surface radial
cracks emanating from the same punctures observed
from the exit surface. This more brittle shear-out frac-
ture on the impact side as compared to the exit side,
may bolster the argument of how thicker specimens slow
down the projectile sufficiently to change fracture type.

Fig. 8 demonstrates the effect of flyer velocity on the
extent and nature of damage developed in impacted
25 um-thick Kapton films. The fractures are created
using entrance flyer velocities v} of 1.4 (Fig. 8(a)), 1.6
(Fig. 8(b)), 1.7 (Fig. 8(c)), and 2.9 (Fig. 8(d)) km/s. All
ESEM images are taken from the exit side.

The volcano-like puncture sites obtained at the lowest
velocity (Fig. 8(a)) may indicate ductile rupture of the
polymer. At this relatively low velocity, only few flyers
could penetrate the film and create the punctures. At a
higher flyer velocity of 1.6 km/s (Fig. 8(b)), ductile rup-
ture is still dominant, but some cracks begin to form
around these volcano-like punctures. A further increase
in the flyer velocity results in radial cracking around the

central impact zone (Fig. 8(c)). The results indicate also
that all flyers in the cloud had sufficient energy to pene-
trate the Kapton film. At the highest tested velocity of
2.9 km/s, these radial cracks completely develop into a
brittle fracture of the polymer (Fig. 8(d)). The transition
from ductile to brittle fracture may be expected, because
such transitions are strongly dependent on the strain
rate. As the flyer velocity increases, the strain rate also
increases. Brittle fractures are associated with less en-
ergy absorbance compared to ductile fractures [18].

At relatively low strain rates (Fig. 8(a) and (b)), the ki-
netic energy lost by the flyers is transferred into pro-
nounced deformation energy. At relatively high strain
rates (Fig. 8(c) and (d)), on the other hand, the successive
kinetic energy is transformed into crack propagation
energy and the associated formation of new surfaces.

A closer examination of the sample impacted at the
highest velocity of 2.9 km/s (Fig. 8(d)) is given in
Fig. 9. This figure shows also the fracture surface mor-
phology (fractography) around the circumference of
the penetrating hole. It is clear that this morphology
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Fig. 8. ESEM images of 25 pum-thick Kapton films impacted by flyers at velocities of 1.4 km/s (a), 1.6 km/s (b), 1.7 km/s (c), and 2.9 km/s (d),

respectively.

changes significantly, indicating the possible involve-
ment of different modes of fracture. The characteristics
of fracture morphology seem surprising at first — while
the central penetration zone that experienced the highest
strain rate fail in a fairly ductile manner, the radial
cracks that formed subsequently under lower strain
rates (i.e., as a secondary process) exhibit a more brittle
fracture morphology. It is believed that this behavior
can be explained in terms of a high temperature gradient
that is established within the polymer sample as the flyer
hits its surface and penetrates through the film. This is
explained in the following section.

3.4. The temperature gradient model

In this section, a model is suggested to explain the dif-
ferent fracture modes observed (Fig. 9), in terms of an
energy balance and the related temperature gradient
that forms in the material when it is impacted. It is well
known that ductile-brittle transitions depend strongly

on the local temperature. Whereas a ductile fracture is
expected above the glass transition temperature, T, be-
low this temperature brittle fractures are most likely to
occur. It should be noted that in Kapton, a second-order
transition occurs within the temperature range of 360—
410 °C, which is assumed to be the glass transition tem-
perature [16]. This temperature dependence of fracture
mode also reminds the deformation map suggested by
Spaepen for metallic glasses [19]. Ultrahigh velocity im-
pacts generate temperatures in the range of 1727-
6727 °C and shock pressures of 30-100 GPa when strik-
ing ceramic surfaces [9,20]. High-density polyethylene
projectiles shot at an average velocity of 5 km/s were
observed to generate temperatures of up to 7927 °C in
the case of head-on impacts on aluminum targets [21].
Hence, the following model can explain the phenom-
enon demonstrated in Fig. 9. Due to the high tempera-
ture generated at the penetration zone and despite the
ultrahigh strain rate involved in the impact, the Kapton
film exhibits a fairly ductile fracture in this zone (region
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Fig. 9. (a) A 25 um-thick Kapton film impacted at a hypervelocity of 2.9 km/s. Two distinct modes of fracture are evident: (b) a fairly brittle fracture
in the radial cracking region (region A in (a)), and (c) a more ductile fracture around the central penetration region (region B in (a)).

B in Fig. 9a). On the other hand, the significantly lower
temperatures of 7' < T, are not sufficient to compensate
for the still high strain rates, thus the secondary cracks
far from the impact point exhibit brittle—fracture char-
acteristics (region A in Fig. 9a).

In order to support this model, one first has to esti-
mate the mean temperature developed within a sample
at the time of penetration. Fig. 10 shows a 25 um-thick
Kapton film impacted at an entrance flyer velocity v} of
2.2 km/s. The flyer velocity at the exit, vf, is also meas-
ured and found to be 1.54 km/s. The sample is divided
into three distinct regions: (a) the penetration hole, at
which a piece of Kapton was sheared-off, (b) a region
where a ductile fracture is observed, and (c) a region
where a brittle fracture is noticed. The system energy
balance is expressed as follows:

AEy = Ev + Eq + Ec + En, 4)

where AFE;¢ is the loss of flyer kinetic energy due to im-
pact, Ey, is the kinetic energy transferred to the piece of
Kapton that was sheared-off, E, is the shearing energy,
E_ is the energy required for crack propagation, and Ej,
is the energy transformed into heat, which results in
temperature increase. It is assumed that no change in
potential energy occurs.

The following assumptions are made in the calcula-
tion: (i) the impact is treated as an equilibrium process.
Although this assumption is inaccurate, it greatly simpli-
fies the calculation and provides the ability to calculate a
mean temperature within a certain region of the sample;
(ii) the velocity of the sheared Kapton piece is equal to
the flyer velocity at the exit side, v; and (iii) the energy
required for deformation of the Kapton surface is rela-
tively small, and may thus be neglected. AEy; and Eig
are calculated according to the fundamental kinetic en-
ergy equation:
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' 500 pm

Fig. 10. A 25 pm-thick Kapton film impacted at a hypervelocity of
2.2 km/s. The sample is divided schematically into three regions: (a) the
penetration hole, at which a piece of Kapton was sheared-off, (b) a
region where a ductile fracture is observed, and (c) a region where a
brittle fracture is noticed.

AE, = mi? )2, (5)

where m is either the flyer mass, my, or the mass of Kap-
ton that was sheared-off (mg,). Eqp is calculated accord-
ing to:

Eq = Pah/2, (6a)
and
Py, = 0.85hLa,, (6b)

where Py, is the shearing force, / is the film thickness, L
is the length of cut, and o, is the ultimate tensile strength
of the material being sheared. Eq. (6a) is an analytical

Table 1

approximation that reflects the area under the force—
displacement curve and includes a factor of 0.5 for a
ductile material. Eq. (6b) includes a factor of 0.85, which
also refers to a ductile material. Finally, E. may be
found from the general relation

Ec=2h(y,+7,) Y _ da, (7)

where 7y is the specific surface energy, 7, is the plastic
deformation energy, and ) da is the total length of
cracks that formed by impact. Eq. (7) is the product of
the total area of cracks formed and the specific energies
associated with this cracking process. It takes into ac-
count that in polymers, as in metals, the fracture energy
is much higher than the surface energy due to a large
contribution from plastic deformation energy. This
argument was considered in both Orowan’s and Irwin’s
revisions to QGriffith’s crack theory. A summary of
parameter values employed herein to solve Egs. 5
through 7, is given in Table 1, together with the results
of these calculations.

Now, by substituting these values into Eq. (4), the
amount of energy transformed into heat may be esti-
mated as Ej, = 30 mJ. The common expression for heat
capacity is adopted here [22]:

Ey = mc,AT, (8)

where m is the mass of Kapton confined within region b
in Fig. 10 (mg= 3.0 x 107> gr), ¢p is the specific heat of
Kapton (c, = 1.09 J/gr/K [16]), and AT is the tempera-
ture gradient. This expression assumes an adiabatic tem-
perature rise (i.e., when no cooling occurs). Thus, a
mean temperature increase AT = 920° is found. This cal-
culation shows that a flyer penetrating at a velocity of
2.2 km/s causes a significant temperature increase in

Parameter values substituted into Eqs. 5 through 7 and the results of these energy balance calculations

Equation number Parameter values employed

Source of value Calculation result

5 me=57x1075 gr
vk =22 km/s
vp = 1.54 km/s

5 mg, =3.4x107° gr
vf =1.54 km/s

6b h =25 pm
L=35mm
oy, =231 MPa

6a Py, =172 N
h =25 pum

7 >~ da=0.37 cm
ys = 0.58 mN/cm
7p = 0.5 N/cm

Measured® AE¢=70.2m]
Measured®

Measured®

Measured® Eys =40.0 mJ
Measured®

Measured Py, =172 N
Measured?

[16]

Calculated Eg=0.2mJ
Measured

Measured? E.=93 W
[16]

[23]

a

and aluminum’s density (2.7 g/lem?).
° 4i and v were measured as described in Section 2.2.

myg was calculated as the product of aluminum flyer’s area (sheared-off from the aluminum/glass laminate), the aluminum foil thickness (12 pm)

¢ myg, was calculated as the product of region a area in Fig. 10, sample thickness and density.

4 L and 3 da were measured from Fig. 10.
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the penetration zone (Fig. 10, region (b), raising the
local average temperature to as high as approximately
947 °C. This estimated temperature is much higher than
the glass transition temperature of Kapton, supporting
the suggested model and explaining the ductile-like frac-
ture within the penetration zone. This great temperature
gradient also predicts a temperature lower than T, in re-
gion ¢, where the high strain rate results in a brittle-like
fracture.

4. Conclusions

A LDF system was built for simulation of space deb-
ris impacts. The system produces a cloud of flyers with
diameters of up to 30 pm and measured velocities of
1.4-2.9 km/s. The effect of simulated hypervelocity deb-
ris impacts on space-qualified Kapton films is studied
for different film thickness (25, 50 and 125 um) and im-
pact velocities.

As the Kapton film thickness is increased from 25 to
125 um at a fixed impact velocity, a transition from brit-
tle to ductile fracture is observed. At a constant thick-
ness of 25 pum, low impact velocities of 1.4-1.6 km/s
result in a ductile-like fracture. Increasing the flyer
velocity leads to cracking, mostly brittle-like. High-ve-
locity impacts generate spalls in the Kapton film, with
ultrahigh strain rate of about 10° s™'. At impact veloci-
ties higher than 1.7 km/s, the central impact region,
which is exposed to the highest strain rate, is character-
ized by a ductile-like fracture. Remote radial crack re-
gions, on the other hand, are characterized by a
brittle-like fracture in spite of the lower strain rates. A
model explaining this phenomenon is suggested based
on the high impact temperature (7> T,) developed at
the central impact region, and the low temperatures
(T < T,) at remote regions.
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