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Abstract: We investigated the damage characteristics in carbon fiber reinforced plastics (CFRP) laminates impacted
by soft body and hard body projectiles launched by an air gun. Three kinds of silicone rubber were used as soft body
projectiles to investigate the damage resulting from soft body impact that includes material non-linearity and large
deformation. Plastic and metallic materials were used as hard body projectiles. From the C-scan images obtained with
a scanning acoustic microscope after the tests, we found that the damage mechanism of CFRP laminates in the soft
body and hard body impacts was the same. The maximum impact force for each projectile was computed based on
the energy balance model and the fundamental hydrodynamics. From this analysis, we found that there is a critical
impact force for the delamination initiation and that it is independent of the material properties of the projectiles.
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1. INTRODUCTION

Carbon fiber reinforced plastics (CFRP)-laminated
composites have been used extensively in many indus-
trial applications due to their good mechanical properties,
such as high specific strength and high specific elastic
modulus, however, susceptibility to impact damage re-
mains an issue of concern. The damage in CFRP lami-
nates caused by impact includes delamination at inter-
faces, fiber breakage, and matrix cracking. Such damage
may significantly reduce the strength and stiffness of
CFRP-laminated composites. Preventing delamination in
particular is important to preventing the reduction of
compressive strength resulting from an impact. Several
studies have addressed the problem of delamination in
CFRP laminates under impact conditions [1, 2].

When an aircraft is struck in flight by a bird, which is
called a bird strike, the damage to the aircraft can be dis-
astrous, and sometimes fatal. The amount of damage
incurred is severe, even if a small bird hits a large aircraft.
Thus, in aeronautical engine design, designing jet engine
fan blades made of polymer matrix composites so that
they are capable of withstanding a bird strike is vital of
critical importance. A hard body made of plastic or me-
tallic materials undergoes elastic deformation or some
plastic deformation during the impact. However, a soft
body impact, such as a bird strike, is a very complicated
problem because of the dynamic interaction between the
soft body and the mechanical structure, material
non-linearity, and large deformations.

Fan [3] conducted a soft body impact test on an air-
craft windshield using a mixture of gelatin and water. He
measured the pressure applied during the impact by us-
ing a piezoelectric sensor and the Hugoniot pressure ob-
tained under the assumption that a soft body projectile
could be modeled as a fluid. Ruiz et al. [4] also reported
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on a bird strike test in which a mixture of gelatin and
water was used to simulate a bird strike. Martin [5] con-
ducted nonlinear finite element analysis of soft body
impact by using fluid FE formulation. Morita et al. [6]
reported that the impact resistance of a composite im-
pacted by a soft body and a hard body was related to the
ratio of the damage area to the impact energy. However,
the problems of composite materials with respect to soft
body impacts, such as a bird strike, are rarely investi-
gated. Furthermore, the effect of soft body properties on
the impact damage has not been analyzed yet.

In this paper, we report the results of an investigation
of the damage resistance characteristics of CFRP lami-
nates impacted by soft body and hard body projectiles.
The projectiles were launched from an air gun and im-
pacted upon CFRP laminates. To compare the effects of
the material properties of a soft body projectile on the
impact damage, three kinds of silicone rubber were used
as the soft body projectiles. Also, impact tests using hard
body projectiles made of plastic and metallic materials
were carried out and the results were compared with
those for the soft body impact tests. After the tests, the
delamination initiation in the CFRP laminates was ex-
amined in terms of the impact energy and impact force.

2. EXPERIMENTAL PROCEDURE

2.1. CFRP Laminates and Projectiles

The CFRP laminates were fabricated from car-
bon/epoxy prepreg (Toray, P3051S-22, T700S/#2500).
The stacking sequence of each laminate was [0°4/ 90/
0°,]. The CFRP laminates were 200 mm long, 100 mm
wide, and 3.7 mm thick. Tensile tests of the unidirec-
tional laminates were carried out to characterize their
elastic properties by using a universal test machine (In-
stron 8501). The results were as follows:
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Table 1. Mechanical properties of materials.

Type Projectiles Material Lcﬁ[%(;;;ﬁg al Pc;i;iio:’s B(egl/lxsrllt’}], Elo?gf)tion l\'[I;]ss
HudBody  HI Al(“JmISiﬂA“%%W 72.4 035 2780 15 167
Material H2 (EBFi’:I;‘hYeg:fi:) 3.72 04 1265 3 0.76
S1 Sil(i%lf 4%‘21‘3?‘“ 0.14 047 1265 400  0.73

Sﬁgtgggy S Sili&gge; ;Rzlit;ber 0.69 0.48 1498 120 0.90
s3 Silii%‘g;;}:;’bef 1.28 047 1500 70 090

* Shin-Etsu Chemical Co., LTD.

E =114 GPa, Er =8.3 GPa, G;1=4.1 GPa, v r=0.32

where E and G are the longitudinal and transverse
moduli, and the subscripts L and T denote, respectively,
the longitudinal and transverse-to-the-fiber directions.

Each projectile was 10 mm long, had a diameter of
10 mm, and was rounded with a tip, 12.7 mm in diameter.
In general, a largely deformed material under low load is
called as a soft material. In this paper, we define a mate-
rial with low elastic modulus and high elongation as the
soft body material. Then, we used three kinds of silicone
rubber as the soft body materials and an aluminum alloy
and an epoxy resin as the hard body materials. The me-
chanical properties of materials used as the projectiles
are shown in Table 1.

2.2. Impact Test

The impact test apparatus is shown in Fig. 1. The
CFRP laminates were simply supported at both ends by
two steel circular bars and mounted in front of the air
gun. The projectiles expelled from the air gun collided
with the center of the CFRP laminates. The impact ve-
locity of each projectile was determined based on the

Air Gun

Projectile He-Ne Laser

Fig. 1. Experimental apparatus.

time obtained when the projectile crossed two He-Ne
laser beams near the gun muzzle. The impact velocity
ranged from 35 m/s to 300 nv/s in this experiment.

The impact energy was defined as the kinetic energy
of the projectiles just before the collision. White oil paint
was used to paint the impacted side of the CFRP lami-
nates before the test to measure the contact area of the
projectiles.

After the impact, we observed the damage in the pro-
jectiles and the delaminations at the interfaces in the
CFRP laminates by using a scanning acoustic micro-
scope (SAM) (Hitachi, AT-5000) having a 10-MHz
acoustic lens.

3. EXPERIMENTAL RESULTS

3.1. Projectiles after Impact

Figure 2 shows the typical damage to the soft body
and hard body projectiles after the impact. In the ‘HI’
projectile under an impact velocity of more than 120 mvs,
there was only a small plastic deformation near the tip
and the ‘H2’ projectile was not damaged at all. In con-
trast, all the soft body projectiles broke apart in the ex-
periment under the impact velocities ranging from 200

i - 10mm ¢
(a) H1 (35.8 m/s¥)

(b) H2 (172 m/s*)

(c) S1 (300 m/s*) (d) S2 (299 m/s*) (e) S3 (299 m/s*)

Fig. 2. Projectile after impact.
*Impact velocity
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m/s to 300 m/s. Fragments of the soft body projectiles
were scattered all over as a result of the collision. After
the impact, the size of the scattered fragments was meas-
ured. As shown in Fig. 2, the fragments of ‘S3’ were
smaller than those of ‘S1’ and ‘S2’.

3.2. Contact Area

After the impact, we measured the contact area of the
projectiles on the CFRP laminates determined from the
area where the white oil paint had peeled off. The contact
area was approximately circular for each projectile. The
relationship between the contact area and the impact en-
ergy is shown in Fig. 3. The contact area was increased
as the impact energy increased for each projectile. While
the maximum contact area produced by each hard body
projectile was about half the sectional area of the projec-
tile, the maximum contact area produced by each soft
body projectile was three times the sectional area, re-
gardless of the kind of rubber. However, the soft body
impacts below the impact energy of 21.6 J did not gener-
ate any damage in the CFRP laminates.

250
Projectiles
A Aluminum Alloy (H1)
¥/ Epoxy Resin (H2) 8
200 3 Silicone Rubber (S1) O

QO silicone Rubber (S2) o

& silicone Rubber (S3) o
Eisol I|:':|O
=1 m]
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Impact Energy (J)

Fig. 3. Relationship between contact area and
impact energy.

3.3. CFRP Laminates after Impact

The damaged CFRP laminates had a remarkable ma-
trix cracking oriented in the direction of the fiber on the
backside of the impact. The CFRP laminates impacted by
the hard body projectiles had distinct indentation marks
at the impact point [7]. However, the CFRP laminates
impacted by the soft body projectiles had no indentation
marks.

Figure 4 shows C-scan images of the delamination at
the upper and lower interfaces in the CFRP laminates
after the impact observed by the SAM. The delamination
area is in the shape of a peanut, which is well known as a
typical pattern of impact damage [1]. The shapes of the
delamination areas produced by the hard body projectiles
were roughly similar to those produced by the soft body
projectiles. Thus, we found that the impact damage pat-
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Fig. 4. C-scan images at interfaces.

tern is essentially independent of the material properties
of the projectiles [8].

4. DISCUSSION

4.1. Impact Energy

The total delamination area determined by using the
SAM was used to quantify the impact damage. The total
delamination area is defined as the sum of delamination
areas at the upper and lower interfaces.
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Fig. 5. Total delamination area vs. impact energy.

The relationship between the total delamination area
and the impact energy is shown in Fig.5. This relation-
ship is an important parameter characterizing the impact
resistance [1, 2, 8]. The delamination area for every pro-
jectile was approximately linear to the impact energy,
even though the data for the soft body projectiles was a
little scattered. The solid line is the least square fitted

NI | -El ectronic Library Service



The Society of Mterials Science

Japan

Seung-Min JANG, Tadaharu ApAcHI, Akihiko YAMAJI and Joong-Suk Kook

line. Figure 5 shows that the slopes (DA/IE) of the solid
lines for the ‘H1’, ‘H2’, and ‘S3’ projectiles were ap-
proximately the same. The slopes for ‘S1’ and ¢S2’ are
smaller than the others. It is considered that a part of the
impact energy was dissipated by the fracture of ‘S1’ and
‘82’ projectiles during the collision. Because the slope
denotes the propagation energy of delamination for a unit
area, it is related to the reciprocal of the interlaminar
fracture toughness. And the dynamic effects must be
considered according to the increase in the impact veloc-
ity. A ballistic velocity impact induces a localized frac-
ture and perforation at the contact point with no deflec-
tion of the CFRP laminate. The delamination area is then
the same irrespective of the impact velocity, the CFRP
laminate size, and the boundary condition [9]. However,
in this experiment, there was no perforation and the de-
lamination area was increased as the impact velocity
increased. Also, Vlot [10] proved that the central deflec-
tion-energy curve is almost the same for an impact at
velocities in the order of 10 m/s and 100 m/s under the
same low velocity deformation mode. Thus, the dynamic
interlaminar fracture toughness due to the dynamic ef-
fects, such as strain rate, was neglected in this experi-
ment [11].

The main difference in the results for the soft body
and hard body projectiles was the critical energy that
initiated the impact damage in the CFRP laminates. The
critical energies in the soft body projectile impacts were
much higher than those in the hard body projectile im-
pacts. Therefore it is apparent that initiation of delamina-
tion is not governed by impact energy alone.

4.2. Impact Force

We calculated the impact force to investigate the rela-
tionship between the initiation of delamination and the
impact force because the initiation of delamination and
the impact energy did not show any relation in the results
obtained experimentally. Because the hard body projec-
tiles had elastic and small plastic deformations as a result
of collision in the experiment, we assumed that the hard
body projectiles were elastic in the analysis. In contrast,
each soft projectile was smashed by the collision, and the
fragments of the projectiles were scattered as if they
were a fluid. We thus used the approximation of a perfect
liquid in the computation of the impact force of the soft
body projectiles [12, 13].

First, the energy balance model [14, 15, 16] was
widely used to calculate the impact force of each hard
body projectile. The basic assumption in this analysis is
that the initial kinetic energy of the projectiles is trans-
ferred into the CFRP laminates during the impact be-
cause the energy absorbed by the system during an im-
pact is of negligibly small quantities in comparison with
the energies used in the indentation and the deflection of
CFRP laminates [17]. Thus, the maximum impact force
and the maximum deflection of the CFRP laminates oc-
cur simultaneously when the velocity of the projectiles is
zero. We investigated the local deformation at the contact
point between the CFRP laminates and the projectiles.
The energy losses due to vibration, heat, sound, etc.,
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were neglected. The energy balance equation [1, 14] can
be written as

1 2 _ (%max ‘max
EMHVH—IO Pdw+j: Pde, (1)

where P is the impact force the CFRP laminates received
during the impact, My and Vy are, respectively, the mass
and the impact velocity of the hard body projectile, and
wand a are, respectively, the deflection of the CFRP
laminates at the impact point and the local deformation
of the CFRP laminates created by the contact with the
projectiles.

The deflection of the CFRP laminates is related to the
impact force, given as

P=k-w, 2)

where k is the linear stiffness of the CFRP laminates
calculated according to the classical CFRP laminated
beam theory. The contact force is given by Hertz’s
contact theory.

P=n-a3/2,

3)
where » is the Herzian contact stiffness. Sun et al. [18]
suggested a modified formulation of the contact stiffness
between a spherically rounded projectile and a CFRP
laminated plate as follows:

n=

C))

1
-y, 1
EH ET

where Er is Young’s modulus of the transverse direc-
tion to the fibers of CFRP laminates, ry, vy, and Ey
are, respectively, the curvature radius at the tip, the
Poisson’s ratio, and Young’s modulus of the hard body
projectile.

By substituting Egs. (2) and (3) into Eq. (1) and inte-
grating the equation, we obtain the following equation:

2 P33

5 n2/3

1 2 1 PPoa
M V2=
p HH k

2

%)

Therefore, the maximum impact force of the hard
body projectiles, Py, can be obtained from the numeri-
cal analysis of Eq. (5).

Equation (5) cannot be used to analyze the collision
of the soft body projectiles because the contact deforma-
tion of these projectiles is not localized at the impact
point due to Hertz’s theory. That is, the momentum of the
soft body projectiles disappears at the impact point be-
cause of the assumption of a perfect liquid. Then the im-
pact force of the soft body projectiles can be calculated
based on the fundamental hydrodynamics [12].

P=pg- A5 - (V3()) —w(®), )
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where ps and Ag are the density and the cross sectional
area of the soft body projectile, respectively. Vs(f) and
w (f) are the velocity of the soft body projectile and the
deflection rate of the CFRP laminate during the impact.
The pressure waves originating at the impact location
and propagating through the soft body produce the pres-
sure peaks, the so-called “Hugoniot pressures”. After that,
the maximum pressure at the beginning of the impact is
decreased by the dispersion of the fractured projectile
[19]. Thus, the impact force becomes maximum just after
the collision. Therefore, the maximum impact force, Py,
at w(t)=0, can be written as

P=ps-4s-V'. )

where Vg is the velocity of the soft body projectile just
before the impact on the CFRP laminates.

The relations between the total delamination area and
the maximum force are shown in Fig 6. The solid line is
fitted to the analyzed results for each projectile. Although
the slopes of the lines are different, Figure 6 clearly
shows that there is a distinct initial value of the maxi-
mum impact force that induces the delamination of the
CFRP laminates regardless of the projectile material.
This means that the delamination initiation is governed
by the critical value of the maximum impact force.
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Fig. 6. Total delamination area vs. maximum impact
force.

5. CONCLUSION

We investigated the damage characteristics of CFRP
laminates impacted by soft body and hard body projec-
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tiles. The delamination patterns measured by using a
scanning acoustic microscope showed no difference be-
tween the soft body impacts and the hard body impacts.
These results mean that the mechanism of damaging
CFRP laminates in a soft body and a hard body is the
same. The relationship between the delamination area
(DA) and the impact energy (IE) was linear, and the ratio
of DA/IE, which indicated the propagation energy of
delamination in the CFRP laminates during impact, was
the same in both soft body and hard body impacts, but
when a soft body having high elongation was impacted,
the ratio of DA/IE was a little low because a part of the
impact energy was dissipated by the fracturing of soft
body projectiles during the collision. We also found that
there is a critical impact force for the initiation of de-
lamination, and that it is independent of the material
properties of projectiles.
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