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Summary-A series of normal and oblique hypervelocity impact tests were performed on carbon 
tibre/PEEK composite specimens using the Light Gas Gun facilities at the University of Kent at 
Canterbury. The tests were conducted on 16 ply and 24 ply targets, using 1 mm and 2 mm 
aluminum projectiles, at velocities of approximately 5 km/s, and at impact angles of 0, 30 and 45 
degrees. The primary objective of this investigation was to add oblique impact data to the 
University of Toronto Institute for Aerospace Studies (UTIAS) database on hypervelocity impact 
damage to composites. The parameters investigated in this study were debris cloud (primary and 
secondary) dispersion cone angles, (equivalent) entry and exit crater diameters, and front and rear 
surface delamination damage zones. The results of the analysis showed that the cone angles were 
not symmetric about the projectile velocity vector, maxima for both angles occurring at a 
normalized energy of approximately 55 J, followed by an asymptotic decrease. The results 
obtained for the entry crater diameter and equivalent entry damage diameter were found to be in 
good agreement with the existing UTIAS database. For a given impact energy, the damage area 
in the 24 ply targets was found to be nearly twice that of the damage in the 16 ply targets. Results 
were found to be in good agreement when compared, using an empirical equation, to predictions 
of impact damage of Al projectiles on aluminum targets (when a scaling factor of 0.9 was applied 
to the PEEK data to account for the greater damage in composites). 0 1999 Elsevier Science 
Ltd. All rights reserved. 

NOTATION 

A = Area (mm*) 

DP = projectile diameter (mm) 
DC = crater diameter (mm) 
E = impact energy (J) 
t = target thickness (mm) 
V = impact velocity (km/s) 
ct = primary damage cone angle (deg) 
P = secondary damage cone angle (deg) 

= turning angle (deg) 
= impact angle (deg) 

INTRODUCTION 

In the design of spacecraft structures and components, polymer matrix composites offer 
significant advantages over metals due to their high specific strength, high stiffness and low 
coefficient of thermal expansion. Carbon fibre/PEEK (PolyEtherEtherKetone) composite is the 
material of choice for the structural components of the Space Station Remote Manipulator System 
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(SSRMS). The SSRMS is being built by Spar Aerospace Ltd. and is Canada’s contribution to the 
International Space Station. The SSRMS is constructed from four long composite booms, each 
approximately 4 meters in length and 33 cm in diameter. The booms are made of 19-ply (2.7 mm) 
IM7/PEEK lamina, which is produced by Fiberite Inc. 

In low earth orbit, the SSRMS will be exposed to impacts from micrometeoroids and orbital 
debris with velocities typically ranging from 5 to 20 km/s. To improve the survivability of the 
SSRMS, the potential damage caused by micrometeoroid and orbital debris impacts must be 
assessed, by means of ground-based testing, so that enhanced protection schemes can be considered 
if necessary. 

Unlike ductile materials, which have been extensively tested since the 1960s relatively few 
hypervelocity impact (HVI) studies have been conducted on composites [l-3]. Since 1991, the 
University of Toronto Institute for Aerospace Studies (UTIAS) has been compiling an extensive 
database of hypervelocity impacts on composites [4-81, with the aim of creating comprehensive 
damage models for characterization of HVI damage to composites. A recent UTIAS impact study 
on the 33 cm circular SSRMS boom [9- 121 has shown that a large, high energy ejecta cloud forms 
behind the impact site which impinges on the inside rear wall and significantly degrades the 
structural integrity of the SSRMS. In addition, it was shown that the debris cloud could seriously 
damage any wiring or components housed within the boom. The extent of the damage to the rear 
or inside wall can be characterized by studying the spread of the debris cloud. defined by the cone 
angle. The dependence of the debris cloud cone angle on the impact angle for PEEK is an unknown 
factor; all 143 hypervelocity impact tests in the database existing prior to this study were for normal 
incidence impacts only. 

Another characteristic of impacts on composites is the surface delamination zones caused by the 
peeling of surface plies surrounding the impact and exit craters, due to the reflection of stress waves 
from the front and back free surfaces. This in turn causes tensile forces between the plies, leading 
to inter-ply delamination and spall. Characterization of these delamination zones is important even 
if the structural strength of the composite is not significantly affected by surface damage. This is 
due to the fact that composites employed in the space environment are vulnerable to erosion by 
atomic oxygen [ 13,141 and therefore may have protective coatings, which can be compromised by 
hypervelocity impact damage. Surface delamination in composites creates a larger damage zone, 
stripping off the protective coating along with the surface ply, whereas the damage caused by just 
an impact crater (as would happen in metals), while still compromising the coating, is limited to the 
dimensions of the hole itself. 

The motivation for the current study is to garner oblique incidence hypervelocity impact data on 
PEEK and to extend the existing UTIAS HVI composite damage database. Even though most 
meteoroid and orbital debris impacts will be at angles between 30 and 50 degrees to the surface 
normal, most existing hypervelocity impact data relate to normal impacts. To this end, hypervelocity 
impact tests were performed on a series of carbon fibre/PEEK composite plates at impact angles of 
0, 30 and 45 degrees. The tests were carried out using the Light Gas Gun (LGG) facilities at the 
University of Kent at Canterbury. This database can then be used to ultimately improve the design 
of the SSRMS with a view to enhancing its HVI survivability. 

EXPERIMENTAL PROGRAMME 

The hypervelocity impact tests were performed on a series of nominally 10 cm square 16 ply (1.8 
mm) and 24 ply (2.6 mm) AS4 carbon fibre/PEEK (61% Iibre volume) composite targets, with a 
laminate lay-up of (O&45,90),. AS4 fibre-based prepreg (see Table 1) was used in the composite 
specimens instead of IM7 (due to the unavailability of IM7). The composite target specimens were 
cut from 12 inch square plates, manufactured in the hydraulic/thermal press of the Aerospace 
Materials Group at UTIAS. 
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Table 1. Physical Properties of APC-2 (PEEK)/AS-4 (Fibre) Composite 

521 

Mechanical orooerties 0” Tensile 0” Comwessive 90° Tensile In-dane Shear 

Strength (MPa) 2070 1360 86 186 
Modulus (CPa) 138 124 10.2 5.7 
Failure strain (%) 1.45 0.88 
Poisson’s ratio 0.30 

The average density of orbital debris less than 10 mm in diameter is approximately 2.8 g/cm’ 
[15], therefore aluminum was used as the impactor in this investigation. Spherical Al-2017 
projectiles, 1 mm and 2 mm in diameter, were accelerated at velocities ranging between 4.50-5.45 
km/s to impact the target at incidence angles of 0, 30 and 45 degrees (measured from the surface 
normal). The ejecta damage was recorded by 1 mm thick Al-2024 witness plates, at a stand-off 
distance of IO0 mm parallel to the rear surface of the targets. The target configuration and geometry 
are shown in Figure 1. 

Guide Rods 

0’ 
/’ 

(0 Al W itncss Plate 

Stand-off Distance = 100 m m  

Velocity Vector 

Top View 

Figure 1. Target configuration and geometry 

The target specimens were mounted in the test chamber by clamping them to an aluminum holder 
plate that contained a circular cutout, as shown in the head-on view in Figure 1. Rubber spacers on 
the guide rods were used to offset the target from the aluminum witness plate. Due to the size 
limitations of the test chamber, instead of angling the whole test fixture (including guide rods) with 
respect to the velocity vector, only the target and witness plates were angled. This was done by 
cutting rubber spacers at the appropriate oblique angle and mounting them on the guide rods, as seen 
in the top view of Figure 1. The tests were performed using the LGG facilities at the University of 
Kent at Canterbury, described in detail in Baron [ 161. The complete test programme is summarized 
in Table 2. 
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Table 2. Hypervelocity impact test parameters 

Projectile Angle of Projectile 
Shot ID Target Number Thickness diameter impact velocity 

ID of plies (mm) (mm) (degrees) (km/s) 

16POOl-1 o-1 16 1.68 1 0 5.01 
16P301-15 30-15 16 1.72 1 30 5.17 
16P451-18 45-18 16 1.86 I 45 5.19 
16POO2- I I O-11 16 1.83 2 0 4.66 
16P302-16 30-16 16 1.75 2 30 4.79 

16P452-8 45-8 16 1.81 2 45 4.82 

24P301-20” 30-20 24 2.55 I 30 5.26 
4P45 l- 19” 45-19 24 2.46 1 45 5.39 
24POO2- 10 O-10 24 2.52 2 0 4.51 
24P302-6 30-6 24 2.68 2 3 4.55 
24P452-9 45-9 24 2.63 2 45 4.88 

** multiple impacts on target (from sabot or gun debris fragments) 

The targets were first visually inspected to determine the characteristics of the impact crater. The 
impact areas on the front and rear surfaces of the composite plates, as well as the damage on the 
witness plates, were then photographed. Entry and rear (spall) delamination damage areas and 
equivalent crater diameters [D, = J(4Area/x)] were obtained by digitizing the contours on these 
photographs and integrating over the surface. The debris cloud dispersion cone angles and the 
turning angles (see following section) were determined by measuring the extent of the damage areas 
directly off the witness plates, similar to Schonberg et al. [ 171 and Schonberg and Taylor [ 181. 

RESULTS AND DATA ANALYSIS 

Analysis of the debris cloud impacts on the witness plates showed two classes of impact damage, 
a primary damage area containing higher energy impact craters most likely caused by projectile 
fragments, and a secondary damage area consisting of a large number of fine craters and long carbon 
fibres embedded in the aluminum plate, similar to the debris characterization in Taylor et al. [ 191. 
Photographs of the debris cloud damage on the aluminum witness plates for the 24 ply targets, 
impacted with a 2 mm projectile, at angles of 0, 30 and 45, are shown in Figure 2. Figures 3 and 
4 illustrate the primary (a) and secondary (p) damage cone angles for typical 0 degree and 30 degree 
impact target configurations. The turning angle, E, is defined as the angle between the initial 
projectile vector and the estimated center of mass of the primary damage - or the location where the 
highest energy impact(s) of the primary damage occur (i.e., where the projectile debris was deflected 
upon fragmentation). The cone angle and turning angle results are listed in Table 3. 

Table 3. Debris cloud cone angle data from hypervelocity impacts 

Target ID a (degrees) p (degrees) E (degrees) 

O-l 19 59 
30-15 67 
45-18 58 
o-11 33 69 0 

30-16 43 75 2 
45-8 54 85 10 
O-10 37 66 0 
30-6 35 71 1 

45-9 53 75 12 
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For oblique incidence impacts, the debris cloud exiting from the rear of the target plate did not 
follow the line of flight of the projectile, as expected. As shown in Figures 2(b) and (c), both the 
primary and secondary cone angles are not symmetric about the projectile impact velocity vector. 
For normal incident impacts, angles y and Q are approximately equal to half of a and p, respectively, 
due to symmetry. Figure 5 shows both cone angles, CI and p, plotted against the impact angle, 8i. 
For the 16 ply, 1 mm diameter oblique impacts, no evidence of primary debris was found on the 
witness plates. Figure 6 shows both cone angles plotted against normalized impact energy (impact 
velocity is multiplied by the cosine of the impact angle). Both angles exhibit a gradual rise, and then 
decline towards an asymptote, with a maximum occurring at a normalized energy of approximately 
55 J. This is probably due to the higher energy imparted to the debris plume at higher impact 
energies, resulting in less debris scatter, causing much narrower damage cones. Figure 7 shows the 
turning angle (E) versus impact angle. The turning angle seems independent of the thickness of the 
target, instead showing an exponential relationship with the impact angle, although more data is 
needed to further explore this phenomenon. 

The damage to the target surface area was typical of hypervelocity impacts on a composite 
material. For all impacts, the entrance and exit craters were roughly circular, though frayed, and 
surrounded by large areas of surface delamination, with the peel direction oriented in the fibre 
direction in the surface laminae. The impact and exit craters for the 2 mm aluminum projectile onto 
the 24 ply targets at 0,30 and 45 degrees are shown in Figure 8. The figure clearly reveals severe 
fracturing of the fibre and matrix materials in the vicinity of the crater. 

The entry crater diameter was measured to be approximately 2.5 times larger than the projectile 
diameter, and was not found to be significantly affected by either the number of plies in the laminate 
(i.e., the thickness of the target) or the impact angle. This is clearly shown in the plot of entry crater 
diameter versus impact angle in Figure 9. Since the composite target plate is thin compared to the 
projectile diameter, the hole in the plate is most likely generated by the impact and the initial passage 
of the shock waves [l], regardless of the angle of impact. The results obtained for the entry crater 
diameter, as a function of both projectile diameter and the Christiansen energy parameter’, (Et/D,)“3 
defined in [8,20], are in good agreement with the existing UTIAS database results. Figure 10 
compares earlier UTIAS test results [9- 121 with data from the current experimental programme as 
a function of the Christiansen parameter, using normalized impact energy. The normalized impact 
energy, E’, considers only the normal component of the impact velocity vector, and is given as: 

E‘ = E’COs’(8i) (1) 

The complete front and rear (spall) surface ply delamination zones are shown in Figure 11 for the 
2 mm projectile, impacting 24 ply targets at angles of 0,30 and 45. As a first order approximation, 
a linear relationship can be inferred between the entry damage area and the normalized impact 
energy (see Figure 12). For a given impact energy, the damage area in the 24 ply targets was found 
to be nearly twice that of the damage in the 16 ply targets. Results were inconclusive in trying to 
obtain a relationship between spa11 damage and impact angle, target thickness and impact energy. 
This is possibly due to the manner in which the targets were clamped onto the aluminum holder 
plate. Since the composite target overlapped the edges of the circular cutout in the holder plate, the 
clamped edges prevented the delamination from propagating further. Furthermore, some targets 
were not large enough to capture the entire delamination area. Excellent agreement (regression 
results within 1 “A) was also obtained between the UKC data and previous UTIAS data for equivalent 
entry damage diameter as a function of the Christiansen energy parameter (see Figure 13). 

‘The Christiansen energy parameter was developed in the late 198Os, for analysis of HVI on composite 
Space Station truss tubes (since replaced by aluminum), and has been used in previous analyses of UTIAS HVI 
composites data. 
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An understanding of the hypervelocity impact cratering process (as a function of target thickness) 
can be gained by comparing the carbon tibre/PEEK impact data to that predicted by an empirically- 
determined hypervelocity impact damage equation. The previously published GMC equation [2 l] 
covers the full range of target thicknesses, from thin foils (projectile diameter/target thickness D,/t 
>> 1) to semi-infinite targets (D,,/t-O.l), and has been validated over a wide range of impact 
velocities. The crater diameter D, in a composite target is larger than that predicted by the GMC 
equation for an equivalent thickness of aluminum. Figure 14 shows the GMC-derived crater 
diameter D,, normalised by the target thickness, t, for impacts by spherical aluminum projectiles 
onto aluminum targets, at a velocity of 5 km/s. The carbon fibre/PEEK data, scaled to an equivalent 
thickness of aluminum, are also plotted. An arbitrary scaling factor was applied to the carbon 
fibre/PEEK data (k=0.9) in Figure 14; the data show good agreement with the 5 km/s GMC curve. 

As the impact processes in composites and metals are different, such a simple scaling factor 
applied to the GMC equation can be used only to obtain a guideline to the target damage. The 
UTIAS database will be compared to the GMC equation to determine whether this scaling can be 
applied over a wide range of target thicknesses. 

CONCLUSIONS 

This investigation was successful in its primary objective of adding oblique hypervelocity impact 
data on PEEK composite plates to the UTIAS database. The primary and secondary cone angles 
were found to not be symmetric about the projectile velocity vector for oblique incidence impacts. 
The cone angles reach a maximum at a normalized energy of approximately 55 J, and then decrease 
asymptotically, most likely due to the higher energy imparted to the debris plume at higher impact 
energies which results in less debris scatter, causing much narrower damage cones. 

The results obtained for the entry crater diameter, as a function of both projectile diameter and 
the Christiansen energy parameter (normalized with respect to impact angle), were found to be in 
good agreement with the existing UTIAS database. Excellent agreement (within 1%) was also 
obtained between the UTIAS database and the equivalent entry damage diameter as a function of the 
Christiansen parameter. For a given impact energy, the damage area in the 24 ply targets was found 
to be nearly twice that of the damage in the 16 ply targets. The entry crater diameter was not found 
to be significantly affected by either the number of plies in the laminate (i.e., the thickness of the 
target) or the impact angle. 

The turning angle seems independent of the thickness of the target, although more data is needed 
to further explore this phenomenon. Results were also inconclusive in trying to obtain a relationship 
between spa11 damage and impact angle, target thickness, and impact energy. Spa11 results may have 
been affected by the limitations of the target chamber and test fixture. 

The carbon fibre/PEEK data was compared, using the empirical GMC equation, to predictions 
of impact damage of Al projectiles on aluminum targets. Results were found to be in good 
agreement when compared to impacts at 5 km/s, when a scaling factor of 0.9 was applied to the 
PEEK data to account for the greater damage in composites. 

Work is currently underway at UTIAS to determine a comprehensive hypervelocity impact 
damage model for PEEK composites. This includes experimental determination of the ballistic limit 
of PEEK, as well as ultrasonic scans (C-scan) of damaged composites to determine the extent of 
internal damage. Further tests are also planned to characterize the debris cloud variations in this 
composite with target thickness, angle of impact, projectile density and impact energy. 
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(a) 45” (b) 30” 

Figure 2. Witness plate debris cloud damage for 24 ply PEEK, 2mm Al projectile 
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Figure 3. Damage cones for 0 degree target configuration 

Figure 4. Damage cones for 30 degree target configuration 
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Figure 10. Entry crater diameter vs normalized Christiansen parameter 
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