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ABSTRACT

JAXA (Japan Aerospace Exploration Agency) has
carried out the hypervelocity impact tests for carb
fiber reinforced plastic (CFRP) plates togetherhwit
CISAS (Centre of Studies and Activities for Space),
University of Padova. Quasi-isotropic CFRP platés
2.3, 3.5 and 4.7 mm in thickness were tested.
Aluminum sphere of 0.8 to 2.9 mm in diameter was
used as a projectile. The projectile was laundhed
velocity range of 2 to 5 km/sec. The projectile aofed

on the target in the normal direction. After thepact,
peeling along the fiber direction was observed loa t
surface of the target. Moreover, delamination was
generated near the surface of the target. A ballimit
equation for CFRP was calculated by modifying the
Cour-Palais equation. The ballistic limit equatifam
CFRP showed the good agreement with the test sesult

1. INTRODUCTION

Carbon fiber reinforced plastic (CFRP) is applied t

many parts of a spacecraft since it is low weighd a

high strength. In a spacecraft, CFRP is frequently
employed as material of large and exposed parts, fo
example, structures, solar arrays,
Therefore, CFRP has a high probability of impadts o
space debris. CFRP is often used as material c&f fa

sheets of a honeycomb sandwich panel.  Thus
hypervelocity impact tests for honeycomb sandwich
structure have already been performed [1-3]. Hawnev

hypervelocity impact phenomena of a CFRP plate
without a honeycomb core have not been studied
enough.  Since material properties of CFRP are
improved day by day, it is expected that CFRP is

employed as material of a spacecraft more and more.

On the other hand, debris environment will become
worse. Therefore, it is necessary to know damdge o
CFRP caused by debris impact.

The purpose of this study is to investigate damaifge
CFRP caused by hypervelocity impacts and to know a
ballistic limit of a CFRP plate. JAXA has carriedt
hypervelocity impact tests for CFRP plates together
with CISAS since 2003 [4,5]. CISAS has performieg t
hypervelocity impact tests with a two-stage liglasg
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gun. After the impact tests, JAXA has performed-no
destructive inspection of the targets.

2. HYPERVELOCITY IMPACT TESTS

The CFPR plates used in this study are shown in Tab
IM600/133 is made of high strength carbon fiberd an
high toughness epoxy. The hypervelocity impacistes
have been performed with a two-stage light gas @fun
CISAS [6,7]. Aluminum spheres of 0.8 to 2.8 mm in
diameter were employed as projectiles. The pribgsct
were launched in a velocity range of 2 to 5 km/Jé®
projectile impacted on the target in the normagdion.
After the impacts, a perforation hole or a cratethe
target is sometimes filled with chopped and shetter
carbon fibers. Therefore, in some cases, the peidn
hole looks like the crater. It is difficult to jgd the
perforation by observation of the hole. In ordekmow
whether the projectile perforated the target or, ot
copper plate was installed behind the target agress
plate as shown in Fig. 1. The perforation of the
projectile was confirmed by aluminum craters getesta
by fragments of the projectile on the witness plate

Table 1 Targets
Prepre Unidirectional IM600/133,
preg (TOHO TENAX)
. Quasi-isotropic Lamination
Stacking 16ply, 24ply, 32ply
Thickness 2.2mm, 3.3mm, 4.5mm

e

Figure 1 Target and Witness Plate



The test results are shown in Tabs. 2-4. In t@&3l, under the craters was fractured hard. In the odse
perforation data and 17 non-perforation data were smaller impact energy, peelings were not generated

obtained. The perforated targets are shown in. Rigs the back surfaces but some cracks were produced as
Peelings along the fiber direction were observedhen shown in Figs. 5 and 7. All the cracks on the back
surfaces of both the front and the back. When the surface were generated along the fiber directitinis
perforation hole was found clearly as shown in F&38, considered that the peelings and the cracks occurred due
some fibers protruded from interlamination. Aswho to the impact pressure reaching to the target cerfa

in Fig. 4, the perforation hole looked like theterain The lamination of the surfaces was damaged by the

some cases since the hole was filled with the cbdpp tensile stress caused by the impact pressure reaching to
and shattered fibers. The non-perforated targets a the target surface. CFRP has high strength in the

shown in Figs. 5-7. On the front surface of thgets, direction of the fibers but the strength in the mak
peelings along the fiber direction were found like direction of the fibers is extremely low. Therefpthe
perforation results. When the impact energy wegela peeling and the cracks were produced along the fibe
peelings along the fiber direction were also obséron direction.

the back surfaces as shown in Fig. 6. Moreoverptrt

Table 2 Test Results, 16ply (t=2.2mm) Table 3 Test Results, 24ply (t=3.3mm)
Impact  Projectile Impact  Projectile
Shot ID Velocity, Diar;eter, Result Shot ID Velocity, Diar(‘?eter, Result
[km/gec] [mrpn] [km/psec] [mren]
6392 4,96 1.5 Perforation 6487 3.97 0.8 Non-Perforation
6493 4.09 15 Perforation 6490 4.19 15 Perforation
6496 3.79 2.3 Non-Perforation 6495 3.67 2.3 Perforation
6507 1.93 0.8 Perforation 6505 1.96 0.8 Non-Perforation
6513 2.05 15 Perforation 6510 1.99 15 Non-Perforation
6516 2.06 2.3 Perforation 6515 1.81 2.3 Perforation
6576 5.01 2.3 Perforation 6575 5.00 2.3 Perforation
6588 4.56 0.8 Perforation 6587 4.83 0.8 Perforation
6616 3.83 0.8 Perforation 6658 4.98 15 Perforation
7216 4.01 2.9 Perforation 7203 4.90 1.9 Perforation
7234 2.12 2.9 Perforation 7215 4.00 2.9 Perforation
7240 2.13 1.9 Perforation 7233 2.29 2.9 Perforation
7254 4.31 1.9 Perforation 7253 3.63 19 Perforation
7515 4.58 2.9 Perforation 7514 4.69 2.9 Perforation
8349 3.17 0.8 Non-Perforation 8339 3.19 15 Perforation
8350 3.15 0.8 Non-Perforation 8343 2.34 15 Non-Perforation
8354 2.38 0.8 Non-Perforation 8352 3.79 0.8 Non-Perforation

8355 2.38 0.8 Non-Perforation 8360 4.93 0.8 Non-Perforation




Table 4 Test Results, 32ply (t=4.5mm)

Impact  Projectile
Velocity, Diameter,

Shot ID v, d, Result
[km/sec] [mm]
6385 5.02 15 Perforation
6486 3.81 0.8 Non-Perforation
6489 4.07 15 Perforation
6494 4.07 2.3 Perforation Figure 4 Perforation, 32ply (t=4.5mm),
6502 1.98 0.8 Non-Perforation Vp=4.07knvsec, d,=1.5mm
6509 2.09 15 Non-Perforation
6514 2.03 2.3 Perforation
6574 5.02 2.3 Perforation
6581 5.17 0.8 Non-Perforation
7202 5.09 1.9 Perforation
7214 3.88 2.9 Perforation
7217 4.18 19 Perforation
7223 2.19 2.9 Perforation Figure 5VN92-ggrkfr$;$icorg E%pgrgn: 2.2mm),
p—4 » Up=Ye
7235 241 1.9 Non-Perforation
7513 4.85 2.9 Perforation
8336 3.92 15 Perforation
8337 3.19 15 Perforation
8342 2.29 15 Non-Perforation

Figure 6 Non-perforation, 24ply (t=3.3mm),
V,=2.34knvsec, d=1.5mm

Back

Figure 2 Perforation, 16ply (t=2.2mm),
V,=5.01kmV/sec, d;=2.3mm Lo L‘Tnlm

Figure 7 Non-perforation, 32ply (t=4.5mm),
V,=2.09knvsec, dg=1.5mm

Figure 3 Perforation, 24ply (t=3.3mm),
V,=4.69knVsec, dg=2.9mm



3. NON-DESTRUCTIVE INSPECTION

In JAXA, delamination generated by the impact oa th
CFRP plate was observed with ultrasonic testingguai
single probe. Results of the perforated targets ar
shown in Figs. 8-10 and results of the non-peréatat
targets are shown in Figs. 11-13. Colour of thage
showing the result of ultrasonic testing does neam
damage level. The colour expresses only the phéce
the delamination. It is found that the delaminatizea

is larger than the cross section of the perforatiole or
the crater. All of the delamination was generated at the
place of approximately 1 mm from the target surface
Even when the peeling of the back surface of thgeta
was not produced, the delamination of the backaserf

was observed as shown in Figs. 5 and 7. The stress
needed to generate the delamination depends on
strength of the epoxy. Therefore, the delaminatian
occur by lower impact pressure than the peeling.
Consequently, the delamination was produced even
though the peeling was not observed. The relatipns
between the delamination area of the targets aad th
impact energy of the projectile is shown in Fig. Tthe
delamination area increased with the impact energy.
Compared with the trends of perforation data, thad

of non-perforation data was sharper rise. In otder
explain the delamination and the peeling phenomena,
authors will do the numerical simulation of

hypervelocity impact on CFRP plates.

Figure 8 Ultrasonic Testing, Perforation,
16ply (t=2.2mm), V,=5.01km/sec, d,=2.3mm

Figure 9 Ultrasonic Testi g, Perforation,
24ply (t=3.3mm), V,=4.69knVsec, dy=2.9mm

32ply (t=4.5mm), V,=4.07knvsec, d,=1.5mm

Figure 11 Ultrasonic Testing, Non-perforation,
16ply (t=2.2mm), V,=2.38knVsec, dy,=0.8mm

igure 12 Itrasonic Testing, Non-perforation,
24ply (t=3.3mm), V,=2.34knVsec, d,=1.5mm

Figure 13 Ultrasonic Testing, Non-perforation,
32ply (t=4.5mm), V,=2.09knVsec, d,=1.5mm
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Figure 14 Relationship between Impact Energy and
Delamination Area

4. BALLISTICLIMIT EQUATION

In this study, a ballistic limit equation for a CPRplate
was calculated by modifying the ballistic limit edion
reported by B.G. Cour-Palais [8,9]. The Cour-Ralai
ballistic limit equation has been based on deptta of
crater generating on a semi-infinite plate by apaot
of a projectile. The depth of a cratd®?, (cm) is
calculated by the following equations.
For py/py <15,

1 2

2(v_ )3
& o
n
19 1
P=524d1%H 4(ﬂ

2 2
3(V 3
—_n 2
pt} {an @

whered, (cm) is diameter of a projectilé] is Brinell
hardness of a target, (g/cnT) is density of a targepy,
(g/cn?) is density of the projectileV, (km/sec) is
normal component of impact velocity to a targefag,
andC, (km/sec) is normal component of sound speed of
a target in the direction of the thickness. When a
projectile perforates a target, the relationshipveen P
and target thickness causing perforation of a ptibge
tc is given as the following.

t, =18P (3)
By using Egs. 1-3, the Cour-Palais ballistic limit
equations are calculated as following equations.

For p,/py <15,

! 2(v. )3
do = {011 H* (ﬂJ [ﬁJ
Pr Cn

1 10,
P=524d18H 4(—”
Pt

For py/py 215,

18

For pp/py 215,

18
2119

2
1 _ —
d,={011tH4 (&J S(V—"] :
Pt o

whered. (cm) is critical diameter of a projectile causing
perforationt (cm) is target thickness.
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In order to apply above procedure to calculatioraof
ballistic limit equation for a CFRP plate, it iscessary
to investigate a depth of crater generated by graan
on a CFRP plate. However, it is difficult to measa
depth of a crater on the CFRP plate since the rcimte
filled with chopped or shattered carbon fibers.
Consequently, the ballistic limit equation for a RHF
plate was calculated by regression of the test tdetiae
Cour-Palais ballistic limit equation.

In this study, the projectiles were made of alumir(g,

= 2.7 g/cm) and the targets were made of CFRP
1.5 glem). Sincep/p = 1.8, Egq. 5 was modified to
express the ballistic limit of a CFRP plate. Theget
material was the same in all tests. Thereféteand
polpt Were constant. By using constaat,the ballistic
limit of a CFRP plate is assumed as the following

equation.
E
219

V) 3
d. =qaxt| —
Cn

whereV, of Eq. 5 is replaced witk, since only normal
impacts are considered in this study. With legsiase
method,« is calculated from the test data. As a result,

the following equation was obtained.
18
219

VA
0.39xt| -
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Additionally, in order to express the ballistic atjon
simply, it is assumed that 18/19 of Eq. 6 is
approximately 1. By using constang, Eq. 6 is
rewritten in the following equation.

2

q th 3
= Bx —_—
¢ C,

s calculated from the test data by least squaathod
and the following equation was obtained.

V, )3
d, =038xt| —&
Cn

The test results were compared with the balligtiat!
equations calculated from Egs. 7 and 9, as shown in

(6)

de = (7)

®)

©



Figs. 15-17. The closed and opened circles inyaisti

the results of perforation and non-perforation,
respectively. The ballistic limit equations showthe
good agreement with the test results. As showfigs.
15-17, Egs. 7 and 9 showed almost the same results.
Consequently, it was found that Eq. 9 is usefuthes
ballistic limit equation for CFRP plates as wellE&s 7.
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5. SUMMARY

JAXA has carried out the hypervelocity impact tdets
CFRP plates together with CISAS. Quasi-isotropic
CFRP plates of 2.3, 3.5, and 4.7 mm in thicknesswe
tested. CISAS performed the hypervelocity impasts.
Aluminum spheres of 0.8 to 2.8 mm in diameter were
launched in a velocity range of 2 to 5 km/sec. B8AX
performed non-destructive inspection of the targets
after the impact tests. Moreover, a ballistic timi
equation for CFRP was calculated by modifying the
Cour-Palais equation. The following results were
obtained.

On the surfaces of the CFRP plate, the peelings o
the cracks along the fiber direction were observed.
The crater and the perforation hole were fillathw
chopped and shattered fibers.

The delamination area of the CFRP plate was
larger than the cross section of the perforatide ho
or the crater.

The delamination was generated near the surface
of the CFRP plate.

The ballistic limit equation for CFRP plates
showed the good accordance with the test results.

In this study, the ballistic limit equation for CPRplates
was obtained. However, the equation is applicable
only normal impacts. In order to modify this edqoat
oblique impact tests will be performed. Additidgal
numerical simulation of hypervelocity impact on GFR
plates should be done for understanding of the
delamination and the peeling phenomena.
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