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Abstract

Space debris represents a substantial hazard to satellites, posing the risk of collisions that can lead to partial or total
break-ups. In the last years, carbon fiber reinforced plastic (CFRP) has started to be used increasingly more extensively
on spacecraft due to its high strength-to-weight ratio. Despite its wide use, to date its fragmentation behaviour under
hypervelocity impact conditions has not yet been fully understood and modelled. In this context, this paper presents a
numerical model for CFRP fragmentation recently developed by the Space Debris Group of the University of Padova.
The model is constructed and validated from experimental data, collected both from dedicated tests and literature; it
consists in a set of semi-empirical equations describing the fragmentation pattern on CFRP plates and the distribution of
generated fragments. The model input includes various parameters, such as the impact velocity, the impact angle, and the
CFRP layup, to determine the fragmentation behaviour. It is also capable to determine delamination effects and the
extension of the damaged area in function of the material fiber orientations and weaves. Finally, the developed model is
currently under inclusion into the material library of the Collision Simulation Tool Solver (CSTS), a software developed
by the research group to describe hypervelocity break-up and fragmentation processes.
Keywords: Space debris, CFRP, Hyper-velocity impact.

Acronyms and abbreviations
CFRP  Carbon Fiber Reinforced Plastic
CSTS  Collision Simulation Tool Solver
GEO Geostationary Earth Orbit
HVI Hypervelocity Impact
IADC  Inter-Agency Space Debris Coordination
Committee
Low Earth Orbit
Major delamination length
Fragment larger size
Minor delamination length
Diameter
Kinetic energy
Number of plies
Radius
Coefficient of determination
Thickness
Velocity
Impact angle
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1. Introduction

Improving the understanding of the space environment,
debris and being able to predict its evolution is of
fundamental importance in order to be able to protect
critical infrastructure in space and ensure the long-term
sustainability of the space environment [1]. Space debris
has been a problem for the space exploration that has
been aware of since the early 1960s, but it is only from
the following decades that international awareness has
been created [2] [3]. A significant milestone was
reached in 2002 with the publication of the "IADC
Space Debris Mitigation Guidelines" by the Inter-
Agency Space Debris Coordination Committee (IADC),
a global governmental forum dedicated to coordinating
space debris activities. This document, which is
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regularly updated, serves as the foundation for non-
binding international policies, national legislations, and
technical standards aimed at mitigating space debris.
The IADC guidelines primarily focus on safeguarding
the sustainability and safety of key orbital regions,
specifically Low Earth Orbits (LEOs) and Geostationary
Earth Orbits (GEOs). To address the space debris
problem, several countermeasures can be employed,
broadly categorized as either active or passive. Active
countermeasures involve techniques such as debris
removal and collision avoidance maneuvers, while
passive measures typically involve physical shielding.
Various types of shields, constructed from different
materials and designs, serve to protect satellites and their
systems from the effects of hypervelocity impacts [4].
The use of shields finds greatest effectiveness in
preventing damage from millimetre and sub-millimetre-
sized debris. To prevent damage from larger debris,
these are often not sufficient and avoidance manoeuvres
should be used, if possible. The study of hypervelocity
impact phenomena is therefore critical in developing
more effective passive protections for spacecraft.
Understanding the physical mechanisms of these
impacts can lead to the design of shields with enhanced
performance, capable of withstanding the extreme
conditions created by space debris collisions.

In the reminder of this paper, the development and
implementation of a CFRP fragmentation model is
presented. Section 2 introduces the mechanisms
involved in collisions with isotropic materials and
section 3 describes the complexity of the response of a
non-isotropic composite. Section 4 presents the dataset
used and how it was processed.

Page 1 of 9



75" International Astronautical Congress (IAC), Milan, Italy, 14-18 October 2024.
Copyright ©2024 by the International Astronautical Federation (IAF). All rights reserved.

Section 5 presents the new CFRP model, the
interpolation of the data, and the main limitations of the
model.

Finally, section 6 shows how the new model is being
integrated within the CSTS code

2. Impact physics for isotropic materials

In order to understand hypervelocity impacts, it is first
essential to understand the order of magnitude of
velocities, so as to quantify the energies of the objects
involved.
The orbital velocity vorh Of an object in a circular orbit
around a larger mass can be derived from:

Vorb = P/ * ? (1)

The gravitational parameters for the Earth can be
defined as follows:
y*xmr =

3
6.67 * 10711 * 598 * 10%* = 3.99 * 10141:—2 (2)

As a result, in-space collisions among objects on

same altitudes but different orbital planes can reach
relative velocities up to 6 km/s for GEOs and 15 km/s
for LEOs; in case of micrometeoroids from deep space
intersecting Earth’s orbit, collision velocities can
increase up to one order of magnitude [5].
Hypervelocity impacts (HV1) are defined as collisions in
which the speed of the projectile is greater than the speed
of sound propagation in the target material, that is the
speed at which pressure waves propagate. The impact
phenomenon on a plate of isotropic material such as
aluminium, can be divided into two phases: The
interaction between the projectile and the target and the
diffusion of the generated debris cloud.
In the first phase, two compressive elastic-plastic waves
are generated and propagate moving away from the
interface respectively inside the projectile and the plate.
At the same time, rarefaction waves generated due to the
finite diameter of the projectile are transmitted
transmitted in the direction of the axis of symmetry. The
latter waves cause material to be ejected, both by the
plate and the projectile, in the direction opposite to that
of impact. Subsequently, the compressive elastic-plastic
wave reaches and is reflected from the back of the slab,
generating a tensile stress situation in the backside,
which, if the material failure limit is exceeded, generates
an effect called spall. The spall is the separation of the
back layer of the affected slab that is generated even in
the case where complete perforation of the slab is not
achieved. In general, the whole process of fracture can
be interpreted as a phenomenon of multiple spalls
starting from the free surface.
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Fig. 1: Result of an HVI impact with spall formation (credits: ESA).

One of the phenomena encountered, in the context of
a hypervelocity impact, is the phase transition affecting
both the projectile and the plate. Indeed, the high energy
of the collision process generates, at propagation, a
sharp increase in temperature [6]. For an aluminium-on-
aluminium impact, the material starts to liquefy for
impact velocities of about 5 km/s and begins to vaporize
at 10 km/s. For on-orbit impacts between space debris
and shielding structures, this phenomenon is dominant
within the debris clouds and inevitably affects shield
performance.
An hypervelocity impact eventually creates debris
clouds whose characteristics depend on a number of
factors, including the material and shape of the projectile
and slab itself, the angle of collision and the speed at
which it occurs, the ambient temperature and others.

3. Hypervelocity impacts on CFRP

The damage mechanism of a fiber-reinforced
composite, when subjected to hypervelocity impact, is
in some respects different from that obtained for
classical materials and can be divided into the following
stages: crater formation, fiber rupture, fiber fraying and
detachment, matrix cracking, creation of new surfaces,
and finally delamination of the layers. As the velocity of
the projectile increases, the Kkinetic energy of the
projectile also increases and consequently so do the
deformation rates of the materials composing the target.
The physics of HVI on composite materials is
particularly complex because the pressure waves,
generated by the impact, do not move within a
homogeneous material but are subjected to multiple
phases where each ply acts as a surface that partly
reflects and partly transmits the stress waves. This
creates, for each ply, a situation similar to that exposed
in the previous paragraph for a single sheet of isotropic
material. The waves, initially compressive, are reflected
and create a state of tensile stress that first causes the
composite to reach failure stress and finally generates
delamination not only of the external but also of the
intermediate plies.
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A sequence of images describing the evolution of the
debris cloud of an HVI on a CFRP plate can be seen in
Fig. 2. Similar to other materials already discussed, the
cloud can be divided in two and studied in two different
areas: one originates from the front of the plate (front
cloud), especially from the impact perimeter between
projectile and target, and propagates in the direction
opposite to the velocity vector of the projectile; the other
(rear cloud) propagates instead in the direction
concordant to this and is larger in size. The latter is the
most dangerous as it propagates internally to the
spacecraft and can create appreciable damage to the
spacecraft structure and its instrumentation. In frame 1
of Fig. 2, the aluminium sphere used as a projectile
(right), the bright flash generated by the plasma, and the
first stage of formation of the rear cloud can be clearly
seen. The back cloud is also highlighted in frame 2 - ().
In the third image are represented, in order:

- The increased thickness of the plate around the
impact crater (b). This effect is due to delamination
of the inner layers.

- The structure of the frontal cloud showing two
areas: An inner structure (c) and an outer bubble
(d). This differentiation becomes evident only at
high impact velocities and late moments of impact.
The two zones have different densities and also
different velocities. In fact, the inner structure
contains fragments from both the plate and the
projectile and has higher density and lower
velocity. The outer bubble, on the other hand, is
composed of more dispersed debris from the
surface lamina of the target.

Finally, in the last frame, the detachment of the frontal

and back surface lamina (a) can be clearly seen.

1 ko

Fig.2: Shadowgraph sequence of an HVI on a CFRP plate; the time
step between consecutive frames is of 14us [7]

The damage that is created around the impact zone
depends heavily on the type of carbon fiber used on the
fiber configuration. An example for a unidirectional ply
plate is shown in Fig. 3. The crater created is not
homogeneous but very irregular due to the disordered
fragmentation of the fibers. On the front face of the slab,
a long delamination zone can be observed, the width is
slightly greater than the front diameter of the crater. In
the case of unidirectional ply, the delamination extends
along the preferential direction of the fibers. The
delamination region is more homogeneous around the
crater when it is woven carbon. The same delamination
can also be seen on the back face of the plate.
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Fig. 3 Damage g.enératedﬁom an HVI on a UD CFRP. Front face
before (left) and after (right) impact. [8]

4. Collision data from laboratory experiments

The data analysed in the study were collected over
the years by the CISAS research center, in collaboration
with other international research entities, using the
hypervelocity impact facility of the University of
Padova [9] [10] [11]. In total, data regarding 176 tests
obtained from literature and the internal test database
[12] [13]were analysed, broken down as follows:

Table. 1 Overview of the date used for the study.

Type Number of plys Number of tests
12 a4
CFRP plates, epoxy-UD, 16 34
HS carbon fiber with 24 26
medium modulus 32 34
40 9
Sandwich CFRP-
Honeycomb with UD Not recorded 55
carbon fiber
Sandwich CFRP-
Honeycomb with carbon 16 14
fiber tissue

The projectiles used for testing are aluminium
spheres with diameters of 0.8 mm, 1 mm, 1.5 mm, 1.9
mm, 2.3 mm and 2.9 mm. Smaller diameters were also
used for HC-CFRP UD sandwiches: 0.1 mm, 0.3 mm
and 0.59 mm. The projectiles were accelerated to
velocities ranging from 2 km/s to 5.5 km/s. Most
impacts occurred at an angle of 0° but tests at angles of
15°, 30° and 45° were also considered.

For all experiments, once the damage on the targets
was detected, the hole diameter and the length of the two
main directions of delamination were measured. This
was done for both the front and back faces. These
measurements were acquired by taking a high-resolution
image of the front and back surface of the target after
each test using a scanner. From this scan, the diameter
of the crater was measured with an image analysis code
implemented in Matlab™.

Defining what the actual crater area is for such a
jagged surface is a challenging topic. For these
experiments it was decided to follow this procedure.
First, the user manually selects the area of damage in a
coarse manner. This area is defined as the region that
includes all visible fiber fracture points. Next, the
software detects the perimeter lines of the damaged area,
using the standard Hough transform extraction
technique. The intersection of the detected lines
determines the damage area, from which the equivalent
diameter D¢ is then derived. The uncertainty on D¢ is
mainly related to the arbitrary selection made at the
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beginning by the user. Although this process extends the
measurement time, it allows the uncertainties to be
reduced compared to a manual measurement by calliper.

Fig. 4: Hole generated from the projectile. Example of the coarse
area human selected (left) and of the area software selected. [7)

For a selection of the experiments [8], the projectile
and target were also weighed before the tests so that their
weight was compared with the plate and the collected
fragments, measured after the experiment. For these
cases, the fragments were classified and thanks to an
automatic image analysis code their size distribution
was obtained.

In order to have more data, test results on CFRP
plates with slightly different layup, fiber and resin
characteristics were analysed together. This partially
increased the scattering of the experimental data but at
the same time made it possible to generate empirical
models representative not of a specific type of
composite material but of the entire family.

5. CFRP fragmentation model

The CFRP model developed in this work is based on
the following assumptions. The basic idea behind this
model is to use three separate damage regions, the first
close to the impact point and the other two extended far
from the impact location to represent surface
delamination, on the front and rear face (see fig. 5). In
terms of fragments size, the former produces small
fragments with comparable perpendicular dimensions,
whereas long needle-shaped fragments detach from the
latters. These last are characterised by one dimension
being much larger than the others. For each of these
regions, the main geometrical parameters are defined as
function of the collision data.

Graphs relating the main geometric quantities of
damage to the kinetic energy (K) of the projectile are
presented in the next paragraph. In the following
discussion, “D” will indicate the diameter of the crater,
“A” will indicate the major delamination length and “B”
will indicate the minor delamination length (Fig. 5). A
and B refer only to the surface delamination, which,
depending on the impact velocity, affects only the first
ply or two.
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Fig. 5: Image parameters of the plates

5.1. Data analysis

Analysing the experimental data on the CFRP plates,
it can be noted that the average diameter extension of
crater D and that of B are comparable, with the latter
being larger in size. The frontal parameters are also
similar to the posterior ones. A comparison of these
magnitudes for the 16-ply plates is shown in Fig. 6.
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Fig. 6: Diameter of the hole and delamination length, related over
impact energy (16 Ply)

Regarding the major direction of delamination in the
case of unidirectional ply, this extends for a length about
an order of magnitude longer than the minor one, in the
direction in accordance with the fibre. Also in this case,
the front and rear lengths are comparable.
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Fig. 7: Minor delamination length (front and back) as a function of
projectile kinetic energy K for 16 ply CFRP sheets

Page 4 of 9



75" International Astronautical Congress (IAC), Milan, Italy, 14-18 October 2024.
Copyright ©2024 by the International Astronautical Federation (IAF). All rights reserved.

Two other parameters, measured as part of the
experimental tests, and which were analysed, are Amax
and Bwmax: Amax is the maximum size of the longest
fragment, Buax on the other hand is its smallest size,
measured accordingly. It can be seen in Fig. 8 that there
is a strong proportionality between Auax and the value
of the largest delamination length A (Amax is
approximately half of A). The measured values of Buax,
on the other hand, are much more disordered: this is
probably due to the small values they take on. The trend
shown by Awmax is expected to change as the size of the
plates increases. Indeed, it is likely that fragments as
large as half the length of the largest delamination are
increasingly unstable as their length increases and thus
undergo further fragmentation due to the reflection of
mechanical stress waves. This hypothesis will be
evaluated in the future through a dedicated experimental
campaign on larger plates.
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Fig. 8: Graphs comparing the length of AMAX versus A (top) and
that of BMAX versus B (bottom) for 16-ply CFRP plates.

Finally, Fig. 9 shows the comparison of crater frontal
diameter growth on the basis of kinetic energy K for all
the slabs analysed, broken down by ply number. The
comparison does not take into account the thickness of
the plates; in fact, the 12-ply plates show a much higher
performance than the 40-ply plates precisely because
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they have a larger thickness. In general, an almost
logarithmic growth trend can be seen.
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Fig. 9: Comparison of frontal crater diameter as a function of
projectile kinetic energy K for CFRP plates

5.2. Main parameters equations

The study focused on CFRP plate data with the idea
of creating models that could relate the main damage
parameters, described above, to the characteristics of the
projectile, target and impact kinematics.

Ply number and thickness are the only information
entered for the target material, in order to take into
account the lamination performed for the plate.
Otherwise, the models will be descriptive only of CFRP
with unidirectional ply, laminated in such a way as to
seek orthotropicity of the plate.

To generate the relationships, given the high number
of independent variables to be considered, a non-linear
interpolation on a function of the type was chosen:

Y=a*DE*VPy*(c059)5*N,§LY*t“) 4

Where "D," is the projectile diameter, "V," is the
projectile velocity, "8" is the impact angle, and "t" is the
thickness of the plate

The data presented in the graph have already been
processed and have a 95% confidence level.

below are some considerations of the models
presented on the next page

- Drront: The regression coefficient is
reasonably accurate, with the largest source
of uncertainty coming from the cosine of the
impact angle, as expected

- Apon: The data for the longer frontal
delamination length have more scattering due
to differences in materials and measurement
inaccuracies. This slightly lowers the
regression coefficient.

- Brront: As for the crater frontal diameter, the
cosine of the impact angle is the major source
of uncertainty.

- Dgack: In this case there was limited data
available, as the back diameter was only
recordable in those samples that had reached
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full penetration. Because of this, a model with
five independent variables would have been
too unstable, and it was decided to eliminate
the influence of angle and ply number. The
model will have to be updated when more data
will be available.

Agak:  This  model  presents  higher
uncertainties than Aron's model. In general,
due to the complexity of impact physics,
models concerning the back face of the plates
are more inaccurate.

Bgack: The value of dimension B is generally
more repeatable than that of dimension A.
Once again, compared with the longer
delamination length, this model for the back

Frontal diameter of the crater, Dg,

face has lower uncertainties and better

correlation.

- Awmax: In this case, the maximum fragment size

was related to the maximum delamination
length, revealing a good correlation between
these two parameters.

- Bwax: In this case, the large noise in the data

did not allow for correlations with high R2
values so the two models are unreliable. More
data would be needed to improve the
correlation coefficient. The best models were
found by relating Bumax t0 Amax.

Rear crater diameter, Dg
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7. Implementation in CSTS

With the aim of validating the models developed in
Chapter 6, some of these were implemented as empirical
models within the CSTS software, to check whether they
improved the description of the debris cloud for CFRP
materials provided by the code [14]. The code
fragmentation model provides the description of the
damage on the CFRP target as the sum of three
contributions: a front face delamination, a central crater,
and a back face delamination, as visible in Fig. 18. The
delamination fragments are generated by sub-dividing
the delamination area in needle-like objects whose
maximum direction extends along fibre direction. In the
current model, the delamination is controlled by six
functions: three assess the perpendicular dimensions of
the initial volume of material involved, and the other
three regulate their subdivision into fragments.

Front face
delamination

-0.05 -

Projectile

Back face

delamination | " o005
g 0

Crater I

DB o e
004 902 T

002 04 oo
x [m] y[m]

0.05 -

005

Fig. 18: Graphical visualization of the application of the
fragmentation models in the CSTS code

For this work, the functions describing the delamination
were modified: providing as input the frontal radius of
the crater Rcrat=Dcrat/2, the velocity v and the diameter
D, of the projectile, the thickness t of the slab, its ply
number Npry and the impact angle 9, it returns the
following parameters as output:

- The three frontal delamination parameters along
the X, y and z delamination directions: Specifically,
X corresponds to the direction of maximum
delamination, y to the direction of minimum
delamination and z is the depth. For delamination
along x and along y, (5) and (6) were used,
respectively. For the depth of delamination, the
original function was retained, where this is
considered to be a single ply or two depending on
conditions imposed on the relationship between
projectile velocity and plate thickness. This
parameter is difficult to measure and was deduced
by observing x-ray images of impacts.

- The three back delamination parameters along the
X, y and z delamination directions: In this case, (9)
and (10) were used for delamination along x and
along y. For delamination along z-axis, the same
consideration done for front face are done.

- The number of fragments generated by the
delamination alone (for the front and back faces):
The delamination face is subdivided using a three-
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dimensional grid according to three parameters
relating to the number of fragments along x, y and
z. The shape and number of these are then derived
from this grid.

The function, thus modified, was tested on the data

of an experimental test not used for the creation of the
models. Specifically, the results for the test were taken
from data measured by Nishida [12]. In this paper, the
debris distribution resulting from three hypervelocity
impacts on CFRP sheets is analysed.
Fig.19 shows the results of the executed simulation. The
graph presents in abscissa the maximum size of the
debris, in this case named a, and in ordinate the
cumulative number of fragments larger than a. The same
graph shows the cumulative number of fragments for
both the front side of the slab and the total. For the front
side, three distributions are compared: The real one
obtained from the Nishida tests (red), the one obtained
from CSTS with the previously implemented method
(black, the implemented model only covered the frontal
cloud) and the one obtained thanks to the updated model
(green). For the overall debris cloud, two distributions
are compared: The real one derived from the data
collected by Nishida (magenta) and the one obtained
from the updated model (blue).

Nishida 2013, dp=7mm, vp=1.3%kmi/s
T T T T

O Exp data - Front
¥V Num data — Front - Old model

k& Num data — Front - New maodel
Y
LA Exp data
ey, ¥V Num data _ New model
o $é-;
F4 o, V2,
3 10 r?‘% Ve,
%, 34
e RV vo,
¥ _D‘%% % o
Vove ;;Fvc? W vy i \vv‘v_
&Y‘ ¥ gvv ‘A\VVV

1) 10 20 30 40 50 80 70 80
afmm

Fig. 19: Simulation results with Nishida parameters

It can be observed that the updated frontal
distribution model slightly improves on the previous
one. In particular, it shows a better fit to the original data
in the range 30 mm — 60 mm. In general, due to the
statistical nature of CSTS models that can reliably
represent large populations of fragments, the punctual
distribution of the largest debris (i.e. for less than 10
fragments, a > 60 mm) is still limited. However, as far
as the overall distribution is concerned, this shows a very
good adherence to the real data.

Since, for each point on the graph, the value of the
cumulative number of debris for the Nishida data and the
values output by CST are known, it was possible to
calculate the correlation coefficient between the two
series. The obtained value is R? = 0.9765, indicating an
high correlation between model and experimental data.
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8. Conclusions

In this paper the development of empirical models
for the fragmentation of CFRP plates was presented.
Analytical equations were obtained for all the
parameters necessary to estimate the damage on the
plates, including the delamination areas bot on the front
and back faces.

The implementation of these equations within CSTS
showed good results, quantified by a high correlation
coefficient with the real data. This indicates a clear
improvement with respect to the previously
implemented model and allowed the full description of
the debris cloud generated by the back plate, which was
previously absent.

To improve the reliability of the collected results and
expand their range of validity, further activities will be
performed in the next months. First, it will be necessary
to carry out further simulations on other test cases in
order to confirm the models goodness on simple plate
cases; after that, the same models should be tested and
tuned against more complex geometries. In parallel, the
empirical models are descriptive of impact situations
within the described ranges. For much larger plates, for
example, different behaviour is expected for parameters
such as larger delamination size. The developed
equations can easily be supplemented with data from
experimental tests that will be carried out in the future,
so as to achieve greater stability of correlation
parameters and a reduction in uncertainties.
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