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Abstract

This study investigated mechanisms of the extension of high-velocity impact damage in
CFRP laminates. To this end, damage states due to near-perforation impact were studied in
detail. This study consists of two parts. Part I presents the experiment results of high-velocity
impact tests for CFRPs with specified stacking sequences. A crater and splits were observed
on the impacted surface, while multiple splits with fiber breaks extended on the back surface.
The cross-section beneath the impact point included catastrophic ply failure with extensive

fiber breaks. Impacted specimens also exhibited a particular delamination pattern consisting



of pairs of symmetric fan-shaped delaminations emanating from to the impact point and
elongated delamination along the cracks in the bottom ply. These damage patterns were
common to all of the stacking sequences. Part II of this study presents a numerical analysis of
high-velocity impact based on smoothed-particle hydrodynamics and discusses damage
extension mechanisms.

Keywords: A. Polymer-matrix composites (PMCs); B. Impact behaviour; B. Delamination; D:

Fractography.

1. Introduction

Advanced composite materials such as carbon fiber reinforced plastics (CFRPs) have been
frequently used in various industries because of their superior specific strength and specific
stiffness. For example, CFRPs have been applied to primary load-bearing structures like the
fuselage and wings in the latest airplanes. In recent years, CFRPs have also been used in
turbofan engines. One problem with these engines is failure of the engine system caused by
high-velocity impact of foreign objects such as small stones and birds. When a fan blade
breaks and flies apart, the fan case should bear the impact of the fan blade. Therefore,
understanding the mechanisms of foreign object damage in composite materials is essential
for improving the tolerance and reliability against impact at a velocity near the speed of sound
in air.

Delaminations are frequently generated in composite laminates due to out-of-plane impacts,
and many experiments and analytical studies on low-velocity impact damage [1-4] have been
conducted assuming tool drops. Some studies have also been reported on high-velocity
impacts on composite materials. Cantwell and Morton [5-7] investigated the low and high

velocity impact response of CFRP laminates. A series of experiments revealed that the
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projectile generated a localized deformation state under high-velocity impact loading, which
was opposite of the low-velocity cases. They also demonstrated that fast-moving projectiles
induced a localized target response and most of the incident energy was then dissipated over a
small area adjacent to the impact point; therefore, for a given impact energy, decreasing
projectile mass (increasing impact velocity) resulted in greater levels of damage. A conical-
shaped shear-out fracture zone was observed in the cross-sections regardless of the stacking
sequence, and a simple perforation model to predict the perforation threshold energy was
developed and verified.

Recent experiment studies [8-13] mainly discussed the energy required for perforation and
energy absorption due to damage extension. Lopez-Puente et al. [8] investigated the
delamination area and its temperature dependence in woven CFRP laminates and quasi-
isotropic CFRP laminates. They demonstrated that the delamination area was constant over a
large velocity range. Tanabe et al. [9] studied laminates made of different reinforcing fibers
and concluded that the mechanical properties of the rear layer play an important role for
energy absorption and that a laminate with lower interlaminar shear strength effectively
absorbed the impact energy. Hazell et al. [10,11] investigated the influence of the impact
velocity and determined that the energy absorption accompanied by damage extension was
constant for high- to hyper-velocity impacts. Appleby-Thomas et al. [12] carried out ice
impact tests with CFRPs assuming a hail storm and studied the projected damage area and the
CALI strength. Shimamoto et al. [13] studied impact response at cryogenic temperatures and
concluded that the stacking sequence played an important role to control the damaged region
of a main space structure. Furthermore, the recent advances in experimental studies on high-
velocity impacts of composite materials have been summarized in the latest reviews [14,15].

Wen [16] and Lopez-Puente et al. [17] proposed theories to predict the ballistic limit velocity
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by considering the energy balance and the energy dissipation due to damage extension. These
theories were compared with experiment results and were verified [16-18]. Numerical studies
using finite-element analysis on the impact response of composite plates have also been
reported. Gower et al. [19] analyzed the ballistic impact of an AFRP laminate and obtained
reasonable agreement with the experiment results for back-surface displacement and
delamination. He et al. [20] used only a projectile model to predict the penetration depth and
the ballistic limit, assuming that the response of the target was a function of the impact
velocity. Lopez-Puente et al. [21] successfully predicted the projected damage area in CFRP
woven laminates due to normal and oblique ballistic impacts.

The extension mechanisms of complex impact damage in composite laminates must be
understood to improve the reliability of composite structures, because such impact damage
severely degrades residual strength. However, the final goal of the studies on high-velocity
impact response of composite materials is applications such as space debris bumper shields
and armor, so previous studies on high-velocity and hyper-velocity impacts (e.g., Refs.
[22,23]) focused on the perforation and the ballistic limit, and there have been few detailed
discussions of the various kinds of damage in plies and at ply interfaces. Characterization of
the extension of high-velocity impact damage is valuable for clarifying the energy absorption
mechanisms and eventually the ballistic limit.

This study therefore sought to characterize high-velocity impact damage in CFRP laminates
and to clarify its extension mechanism. To this end, we focus on damage states caused by
near-perforation impacts. This study consists of two parts. Part I conducts high-velocity
impact tests on CFRP laminates with four basic stacking sequences, namely a unidirectional
laminate, two cross-ply laminates, and a quasi-isotropic laminate, and presents detailed
observations of the resulting impact damage using optical microscopy and soft X-ray
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radiography. Part II will analyze the extension of impact damage in CFRP laminates based on
smoothed-particle hydrodynamics (SPH) and will discuss the mechanism of damage

extension.

2. Materials and procedure

Carbon-fiber-reinforced epoxy prepreg sheets (T700S/#2521R, Toray Industries) were used,
and the laminates were manufactured by heating and pressing the stacked sheets in a vacuum
chamber. The stacking sequences were unidirectional [016] (UD), cross-ply [04/904]s (CP1),
cross-ply [0/90]as (CP2), and quasi-isotropic [0/45/90/-45]s2 (QI). The fiber direction in the
top and bottom plies was defined as the 0° direction. The prepared laminates were cut into
square specimens 55 mm on a side and 1.6 mm thick. Although the size of the target may be
small, the areal dimensions could have little influence on the high-velocity impact response,
and small-scale specimens were sufficient to reproduce the damage states in large structures
[24]. The specimen thickness may also be small for typical applications, but thin specimens
were employed to discuss near-perforation damage using our impact testing machine.

Figure 1 schematically depicts a high-velocity impact testing machine (Maruwa Electronic
Incorporated). This machine consists of a control unit for the power source, a chamber in
which a projectile was shot at a target, and a speed detector with a data logger. The projectile,
set in a sabot, was accelerated with high-temperature, high-pressure metal plasma obtained by
melting and evaporating an aluminum foil subjected to high-voltage pulse current. The sabot
was stopped at the mouth of the gun, and the sphere moved ahead by inertia. The velocity of
the projectile was variable from 40 to 1500 m/s. The velocity was controlled by the voltage
applied to the aluminum foil and was precisely measured by obtaining the time required for
the projectile to pass the prescribed distance (250 mm) in the speed detector. Only the four
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edges of the specimen were fixed to a square-frame jig, and therefore bending due to impact
was permitted. The projectile was a steel ball 1.5 mm in diameter (14.2 mg in mass), and the
impact velocity was 300 to 1200 m/s. The tests were conducted in an atmospheric
environment.

After the test, the damage patterns on the front and back surfaces of the specimen were
observed by a stereomicroscope. The specimen was then cut and polished to facilitate
observing the damage beneath the impact point by an optical microscope. Internal damage in

some specimens was nondestructively imaged by soft X-ray radiography.

3. Experiment results
3.1 Impact damage on the front and back surfaces

Figures 2-5 depict the damage patterns on the front surface and the back surface at
specified impact velocities. None of the specimens were penetrated by the projectile, despite
severe damage on the back surfaces. The front surfaces of all of the specimens had a crater
with splits extending from the crater edges. This damage pattern appeared regardless of the
stacking sequence and the impact velocity. The back surfaces had fiber breaks due to the
indentation of the projectile and the accompanying splits; this pattern was observed in all four
stacking sequences. Splits on the back surface in the UD laminate were generated at a lower
velocity (437 m/s) than in the other laminates because of its low bending stiffness in the
transverse direction. The fiber breaks on the back surface exhibited the zigzag pull-out
patterns that can be seen on tensile fracture surfaces, so it was determined that the bending-
induced tensile stress along the fiber direction caused fiber breaks on the back surface.

In order to quantitatively evaluate the influence of the stacking sequence on the external
damage, the projected damage area on the surfaces was measured by imaging software; on the
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back surface, the damaged region was approximated by several rectangular shapes instead of
the projection because of the large out-of-plane deformation. Figure 6 plots the projected
damage area against the impact velocity. The damage area on the front surface increased with
increasing velocity. This trend was most prominent in the QI laminate, followed by the CP1
and CP2 laminates. However, in the UD laminate, the projected damage area was almost
constant (5 mm?) when plotted against the impact velocity. The damage area on the back
surface increased with increasing impact velocity in all the laminates. This increasing trend
was significant in the QI and CP2 laminates, and the damage area of the CP1 laminate was
always smaller than that of the CP2 laminate. Although the increasing trend also appeared on
the back surface of the UD laminate, the growth rate was less than that of the other laminates.
The damage area on the front and back surfaces will become constant at higher impact
velocities generating a perforation hole [9,25].

The bending stiffness was calculated by classical lamination theory assuming that bending
deformation due to the impact contributes to the damage extension on the back surface,
although the high-velocity impact induces local bending deformation [4,5], and thus a simple
discussion is difficult. Bending stiffness components D11 and D22 are listed in Table 1, where
the longitudinal Young’s modulus is 140 GPa, the transverse Young’s modulus is 10 GPa, the
in-plane Poisson’s ratio is 0.35, and the in-plane shear modulus is 5 GPa. Here, subscripts 1
and 2 represent the longitudinal direction and the transverse direction in the 0° ply. In the UD
and CP1 laminates, the D22 component is much smaller than the D11 component, and the
curvature in the transverse direction of the 0° ply is larger than that in the longitudinal
direction. Combined with the anisotropy of the strengths, the fiber-break region becomes
small and matrix cracks extend significantly. The above discussion can be confirmed by the
observation of the full cross-sections of these laminates (Fig. 7). In the cross-section normal
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to the 0° direction whose top and bottom layers are transverse plies, the small bending
stiffness caused severe local bending deformation, which resulted in extensive matrix cracks
in the bottom layer (Figs. 7a and 7c). However, this deformation of the CP1 laminate was
smaller than that of the UD laminate because of the smaller difference between the D11 and
D22 components. This reduced matrix cracks but induced fiber breaks in the bottom layer (Fig.
7d). The D22 component is much balanced with the D11 component in the CP2 and QI
laminates, and the bending deformation becomes less than that in the transverse direction of
the other two laminates. Many fiber breaks are then generated due to the indentation of the
projectile. Further indentation expands the fiber-break region and peeling off of the bottom
ply, which causes matrix cracks in the back surface. Therefore, the CP2 and QI laminates have
a larger damage area on the back surface than the UD and CP1 laminates because of the

extensive fiber breaks.

3.2 Damage state beneath the impact point

Two cross-sections including the impact point were observed by an optical microscope.
One is a cross-section normal to the fiber direction of the 0° ply (N-section); the other is a
cross-section parallel to that direction (P-section).

Figure 8 depicts the damage state beneath the impact point in the UD laminate. A crater,
delaminations, and oblique matrix cracks appeared in the N-section (Fig. 8a). The region just
beneath the crater broke catastrophically. Oblique matrix cracks (i.e., cone cracks) were
generated outside the catastrophic failure zone and were connected with delamination. In the
bottom ply, a matrix crack connected to the ply failure zone had a large opening distance due
to severe bending deformation. The crater and delaminations were also observed in the P-

section (Fig. 8b). The fibers seemed to be cut by out-of-plane shear deformation at the crater



edge. The P-section delamination had a larger opening displacement than the N-section, and
therefore the delamination extended extensively toward the fiber direction.

Figure 9 depicts the damage state beneath the impact point in the CP1 laminate. A crush
region (i.e., a crater) in the top 0° plies, fiber breaks and delamination in the 90° plies, and
matrix cracks in the bottom 0° plies were observed in the N-section (Fig. 9a). The fiber breaks
and delaminations in the 90° plies induced easy deformation of the bottom 0° plies, and
matrix cracks were then generated in the bottom plies. A crater with fiber breaks, a
catastrophic ply-failure zone, cone cracks, and delaminations were observed in the P-section
(Fig. 9b), where the four bottom 0° plies were delaminated and dropped off. Considering fiber
breaks in 90° plies beneath the impact point in the N-section, the catastrophic ply-failure zone
was found to include extensive fiber breaks, matrix cracking, matrix crushing, and
delaminations. Cone cracks and delaminations outside the catastrophic ply failure zone in the
90° plies were similar to those observed in the N-section of the UD laminate (Fig. 8b).

The damage patterns beneath the impact point in the CP2 laminate are depicted in Fig. 10.
A crater, fiber breaks, matrix cracks (cone cracks), and delaminations were observed in both
the N- and the P-sections. Some matrix cracks were generated in a single ply, with their tips
connected to delamination that occurred only at the 0°/90° (90°/0°) interfaces in the N- (P-)
section. More specifically, the upper (lower) ply of delamination was always the transverse
(longitudinal) ply. This pattern suggested that the delamination extended from a catastrophic
ply failure such as matrix cracking in the transverse ply. Although oblique matrix cracks were
generated in every transverse ply, these cracks did not make straight cone cracks beyond the
longitudinal plies due to the severe delamination.

Figure 11 depicts the P-section including the impact point for the QI laminate, although

both the top and bottom plies had dropped parts. Fiber breaks, delaminations, and matrix
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cracks in off-axis plies were observed, and there was no well-defined cone crack because of
extensive delamination. Most of the ply interfaces were delaminated, and the stress
concentration just beneath the impact point was reduced. This dissipated the impact energy
and prevented damage progress in each ply, and thus a small catastrophic ply failure zone was

formed.

3.3 Soft X-ray radiography

Typical soft X-ray photographs of the four laminates are presented in Fig. 12. The UD
laminate exhibited delamination elongated in the fiber direction, while the delamination was
small in the transverse direction. Delaminations observed near the impact point in the CP1
laminate could be separated into two delaminations since there were two ply interfaces. One
was a delamination at the upper 0°/90° ply interface that was connected to the matrix cracks
in the top 0° plies and extended in the transverse direction. The other was a pair of fan-shaped
delaminations along the matrix crack in the bottom 0° plies that were symmetric about the
impact point. Multiple fan-shaped delaminations near the impact point and elongated
delamination accompanied by a matrix crack in the bottom ply were observed in the CP2 and
QI laminates.

The fan-shaped delaminations were symmetric about the impact point in all of the stacking
sequences except for the UD laminate. This delamination pattern was the same as that
observed in the laminates subjected to low-velocity impact [26-28]. The delamination at the
lowest interface extended along the matrix cracks (splits in Figs. 2-5) in the bottom 0° ply.
These results indicate that delamination caused by high-velocity impact consisted of fan-
shaped delaminations covering the region between the matrix cracks in two neighboring plies
and elongated delamination along the matrix cracks in the bottom ply, and that this
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delamination pattern was independent of the stacking sequences.

Figure 13 plots the projected area of the internal damage, mostly delaminations, against the
impact velocity. The delamination area gradually increased with increasing velocity (< 350
m/s) and steeply increased at a velocity within 350-500 m/s. Small but visible damage (i.e.,
fiber breaks) appeared on the back surface at that velocity range, and this observation
suggested that the impact energy could be dissipated mostly by delamination extension, not
by fiber breaks. The projected delamination area was approximately constant with impact
velocity over 500 m/s (several kJ of impact energy). This trend was observed in all of the
stacking sequences, but the constant values differed among them. This result agreed with the
observations of specimens perforated by high-velocity impact [8,11] and was in contrast to the
low-velocity cases [27,29]. For low-velocity impacts or quasi-static indentations, the energy
of indentation was absorbed by delamination extension caused by global deformation. The
bending deformation was localized by increased impact velocity, and the energy absorption
mechanism then changes from delamination to fiber breaks in the high-strain range [4]. The
trend of a constant delamination area indicates that the impact energy was mainly absorbed by
fiber breaks in the crater and the catastrophic ply-failure zone. This discussion suggests that
the most important parameter governing the ballistic limit is the fiber strength and that
decreased interlaminar toughness may increase the delamination area, the dissipated amount
of the impact energy, and finally the ballistic limit velocity (energy). However, additional tests

and observations are necessary to confirm this.

4. Conclusions
This study carried out high-velocity impact tests for CFRP laminates whose stacking
sequences were unidirectional, two types of cross-ply, and quasi-isotropic. The damage states
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near perforation in these laminates were characterized experimentally to understand the

mechanisms of high-velocity impact damage. The conclusions are summarized as follows.

1.

The damage patterns on the front and back surfaces were identical among the four
stacking sequences and were independent of the impact velocity. A crater with fiber
breaks and multiple splits at both edges of the crater were generated on the front surface
of the laminates. Multiple matrix cracks extended on the back surface, and fibers broke
just beneath the impact point due to the high impact velocity.

The projected surface damage area increased with increasing impact velocity (energy) for
all of the stacking sequences, but the rate of increase differed among them. The damage
area on the back surface could be determined by the bending stiffness. A low bending
stiffness induced a large bending deformation and matrix cracks on the back surface,
which resulted in a small damage area. A high bending stiffness caused many fiber breaks
beneath the impact point due to the localized high strain. These fiber breaks and the
subsequent peeling of the bottom ply resulted in a large damage area.

Extensive fiber breaks, which appeared as catastrophic ply failure in the off-axis plies,
were generated beneath the impact point. Outside the ply failure zone, delaminations
extended from the tips of the matrix (cone) cracks.

All of the lamination types exhibited a particular delamination pattern consisting of pairs
of fan-shaped delaminations that are symmetrical about the impact point and elongated
delaminations along the matrix cracks in the bottom ply.

Part II of this study presents a damage-extension simulation of high-velocity impacts on

CFRP laminates based on smoothed-particle hydrodynamics (SPH), and the impact response

will be analyzed considering detailed damage modes. The extension mechanisms of the high-

velocity impact damage will be discussed based on these observations.
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Figure and Table captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1 Schematic diagram of the high-velocity impact testing machine with an electric-heat
gun.

2 Damage states on the front and back surfaces of the UD [016] laminates.

3 Damage states on the front and back surfaces of the CP1 [04/904]s laminates. A barely
visible matrix crack was observed on the back surface at 217 m/s.

4 Damage states on the front and back surfaces of the CP2 [0/90]4s laminates. Barely
visible damage appeared on the back surface at 378 m/s.

5 Damage states on the front and back surfaces of the QI [0/45/90/-45]s2 laminates.
Barely visible damage appeared on the back surface at 480 m/s.

6 Relationship between the projected damage area on the front and back surfaces and the
impact velocity.

7 Full cross-sections of the impacted UD and CP1 specimens.

8 Damage states beneath the impact point of the UD [016] laminate. Impact velocities
were 760 m/s for the normal cross-section and 530 m/s for the parallel cross-section.

9 Damage states beneath the impact point of the CP1 [04/904]s laminate. Impact
velocities were 508 m/s for the normal cross-section and 600 m/s for the parallel cross-
section. The 0° plies on the back surface peeled off due to extensive delamination.

10Damage states beneath the impact point of the CP2 [0/90]ss laminate. Impact
velocities were 500 m/s for the normal cross-section and 700 m/s for the parallel cross-
section.

11 Damage states in the parallel cross-section including the impact point of the QI

[0/45/90/-45]s2 laminate. The impact velocity was 707 m/s.
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Fig. 12Soft X-ray photographs of the impacted specimens. Fan-shaped delaminations and
elongated delamination along the matrix cracks in the bottom ply were generated.
Fig. 13 Projected delamintion area of the UD and CP1 laminates against the impact velocity.

Table 1 Bending stiffness calculated using classical lamination theory.
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Table 1 Bending stiffness calculated using classical lamination theory.

Stacking configuration D11 (N m) D22 (N 'm)
UD [016] 48.2 34
CP1 [04/904]s 42.6 9.0
CP2 [0/90]as 30.0 21.6
QI [0/45/90/-45]s2 23.6 18.4
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Fig. 7



Figure(s)
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Fig. 9
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Fiber direction of 0° plies

(c) CP2 laminate (500 m/s)

(d) QI laminate (560 m/s)

Fig. 12
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