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Experimental Investigation on the Behaviour of CFRP Laminated Composites under Impact
and Compression After Impact (CAI)

Lee, J.*, Kong, C.™ and Soutis, c™

ABSTRACT

The importance of understanding the response of structural composites to impact and CAI cannot be
overstated to develop analytical models for impact damage and CAI strength predictions. This paper presents
experimental findings observed from quasi-static lateral load tests, low velocity impact tests, CAI strength and
open hole compressive sirength tests using 3 mm thick composite plates([45/-45/0/90)ss - IM7/8552). The
conclusion is drawn that damage arcas for both quasi-static lateral load and impact tests are similar and the
curves of several drop weight impacts with varying energy levels(between 5.4 J and 18.7 J) follow the static
curve well. In addition, at a given energy the peak force is in good agreement between the static and impact
cases. It is identified that the failure behaviour of the specimens from the CAI strength tests was very similar
to that observed in laminated plates with open holes under compression loading. The residual strengths are in
good agreement with the measured open hole compressive strengths, considering the impact damage site as an
equivalent hole. The experimental findings suggest that simple analytical models for the prediction of impact
damage area and CAI strength can be developed on the basis of the failure mechanism observed from the
experimental tests.
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1. Introduction

The damage caused to carbon fibre composite structures by

low velocity impact, and the resulting reduction in
compression after impact(CAI) strength has been well known
for many vyears[1,2] and is of particular concern to the
aerospace industry, both military and civil. Typically the loss
in strength may be up to 60 % of the undamaged value and
traditionally industrial designers cope with this by limiting
compressive strains to the range of 0.3 % to 0.4 %(3000 to
4000 pe). Provided buckling is inhibited by good design of
the compression panels the material is capable of withstanding
more than double these values.

An impact damage site in a composite laminate contains
delaminations, fibre fracture and matrix cracking. A model to
predict the damage area taking into account all these factors
would be complex and take considerable time and funding to
develop. It was recognised that the problem could be
simplified by making some assumptions about the nature of
the impact damage.

In the present work, experimental findings are presented to
develop simple analytical models for impact damage and CAI
strength predictions based on the failure mechanism observed
from the quasi-static lateral load tests, impact tests and
compression-after-impact(CAI) tests in future work. It will be
identified that the low velocity impact can be modeled as a
quasi-static lateral load problem[3] and provide a measure of
how good an approximation we have, comparing the
quasi-static response with dynamic response. In addition, the
failure behaviour of composite specimens under static
compressive loading after impact will be compared to the

compressive behaviour of open hole specimens.

2. Experimental

2.1 Materials and Lay-up

The material is IM7/8552 supplied by Hexel Composite
Ltd. as a roll of pre-impregnated tape of epoxy matrix(8552)
reinforced by continuous intermediate modulus unidirectional
carbon fibres(IM7). The roll was 350 mm wide and about
0.125 mm thick. The prepreg was cut into 500 mm wide by
500 mm long sheets using a metal template and laid up in
the quasi-isotropic stacking sequence([45/-45/0/90)x) giving a
total thickness of about 3mm thickness. The in-plane stiffness

and strength of the IM7/8552 unidirectional laminate are

given in Table 1. These parameters were obtained by BAE
system from material strength tests.

Table 1 Stiffness and strength properties for the IM7/8552 composite
system
Ei, GPa 155 O11/011ic, MPa 2400/1300
E», GPa 10 0221/022¢, MPa 50/250
Gya, GPa 4.6 Ti2, MPa 85
viz 0.3 - -

(onv/onc are longitudinal tensile and compressive strength and Ooxi/Oaac
are transverse tensile and compressive strength)

2.2 Quasi-static Lateral Load Tests

Quasi-static - lateral load test was carried out to measure
the maximum deflection at the centre of a circular plate and
strain data on the top and bottom surface of the plate. The
loading was transferred from the cross-head to the plates
through a flat nose with a diameter of 12 mm, using a
screw-driven Zwick 1488 universal testing machine with a
load capacity of 200 kN. The cross-head speed used in this
study was 0.5 mm per minute. For measuring the central
deflection of the plate, an LVDT displacement transducer was
used. The experimental setup and specimen jig are shown in
Fig. 1.

Circular jig
Loadin

a=150mm

(2) )

Fig. 1 (a) Setup of quasi-static lateral load tests with (b) a jig on
circular plates.

2.3 Low Velocity Impact Tests

IM7/8552
subjected to

Circular plates cut from a 3 mm thick
laminate([45/-45/0/90]3s) are
low-velocity impact using a drop-weight test rig with two

multidirectional

different impactor masses(1.58 kg and 5.52 kg). The specimen

dimension and jig are the same as those used in the

quasi-static lateral load test(see Fig. 1). The test setup is

shown schematically in Fig. 2. An impactor with a flat-ended
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Fig. 2 Schematic diagram of the impact test rig.
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(a) Boeing fixture

Fig. 3 (a) Boeing fixture and (b) specimen geometry for CAI strength
test.

nose of 12 mm in diameter is instrumented with a strain-
gauged load cell providing a record of force-time history. The
impactor was dropped at the centre of the specimen.from a
selected height. After impact, the damage of each specimen
was visually inspected for surface damage. The examination
of interior damage was carried out using primarily ultrasonic
C-scan and occasionally by X-ray radiography.

2.4 CAl Strength Tests

to determine CAl
strengths for a range of impact levels, which induce fibre

Post-impact tests were performed
damage. For the test various methods have been used[11]. A
side-supported fixture developed by the Boeing Company for
compression residual strength tests was used in the current
study(see Fig. 3).
compression platen in a screw-driven Zwick 1488 universal
testing machine with a load capacity of 200 kN. The

specimens were loaded until failure at a rate of 0.5 mm/min.

The fixture was placed on a fixed

When performing compression of the impacted specimens,
several plain specimens which had not been impacted were
tested in compression to provide baseline undamaged specimen
data with the modified ICSTM fixture used in the static
compressive test[16]. The dimensions of the plain specimen
are 30 mm X 30 mm in gauge length and specimen width.
In addition, open hole compression tests were carried out in
accordance with the specimen dimensions for CAI test. Hole
diameters obtained from X-ray radiographs by measuring the
size of the darkest region of impacted specimens were used
(see Figure 7 (b)). This data would effectively show what the
compressive strength would be if the stiffness property of the
damaged region is zero.

3. Results and Discussion

3.1 Quasi-static Lateral Load tests

Clamped circular specimens were loaded at the centre by a
normal load. Fig. 4 shows a typical force-deflection curve for
a circular plate, where the deflection was measured by an
LVDT at the centre of the plate. During the testing, the first
10 kN with an audible
acoustic event(see Fig. 4). The force gradually recovered up
to around 11.5 kN. Then the load fell again but did not
recover up to 11.5 kN. This clearly indicates the reaching of

load drop was observed around

a maximum contact force once fibre fracture occurs and also
illustrates the large amount of energy that is lost as the fibre
fracture and the loading rod penetrates the plate.

A visual and C-scan inspection of the specimens were
carried out to examine specimen damage from the applied
load, 6 kN to 11.5 kN with the increment of 1 kN. No
visual damage was found at the top and bottom surface of

First internal Onset of penetration
damage (FE@I}Rakage)
127 (N0 ﬁbre\
13 damage)

Penetration

Force (kN)

Second internal damage
(No fibre damage)

0 1 2 3 4 5 6

Displacement (mm)

Fig. 4 Typical static force-deflection curve for the circular plate with
a diameter of 102 mm([45/-45/0/90]; - IM7/8552).
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(a) C-scan images at 10 kN (b) C-scan images at 11.5 kN

Back Face
(c) Photograph at loading face and back face in the specimen

Loading face

Fig. 5 Static damages taken by C-scan and photographs([45/-45/0/90]3
- IM7/8552).

the specimen up to an applied load of 10 kN. Significant

internal  damage detected from C-scan

examination with the applied load, 10 kN, as shown in Fig.

was, however,
5 (a). Much severer damage was observed around 11.5 kN
just prior to ultimate failure which is caused by tensile fibre
fracture on the back face of the specimen allowing the flat
nose loading rod to eventually penetrate the specimen(See
Fig. 5 (b) and (c)).

3.2 Low Velocity Impact Tests

Two sets of impact tests were performed with different
impactor masses. Firstly, 3 mm thick circular plates of the
1M7/8552 system were subjected to low-velocity impact with
the impactor mass of 1.58 kg under the range of incident
energy between 5 J and 11 J. Secondly, impact test was
carried out with the impactor mass of 5.52 kg under the
range of incident energy between 16 J and 19 J.

Fig. 6 (a) shows a typical force versus time history for
impact with damage. It is for a 3 mm thick circular plate
with clamped edges under incident energy of 18.7 J(impactor
mass: 5.52 kg). Fig. 6 (a) exhibits fluctuation around the
it possible to identify the onset of
damage. A slower recovery also indicates a decrease in the

peak force, making
structural stiffness due to damage.

By integrating the force-time curve, the displacement can
be calculated. On the base of the displacement data, the
force-displacement curves can be plotted as shown in Fig. 6
(b). Fig. 6 (b) show the force-displacement curves for the

Impactor mass: 5.52 kg

18000 Incident energy: 18.7 J

= 15000 : ——: Mean value of raw data

< 12000

8 9000

5 6000

U 3000 -,

0
0 0.0025 0.005

Time (s)
(2)

Impactor mass: 5.52 kg
Incident energy: 18.7 ]

= 12888 ——: Mean value of raw data
3
<]
[
4
Displacement (mm)
(®)
Fig. 6 (a) Force-time and (b) force-displacement curves for

representative impacts on quasi-isotropic([45/-45/0/90]s) IM7/
8552 laminates.

tests of Fig. 6 (a). Once the impactor energy is exhausted,
the load starts to drop and reaches zero at a permanent
shown in Fig. 6 (b). These
force-displacement curves will be compared with the curve

displacement  value as
measured from the quasi-static lateral load test in the next
section.

After drop tests all the circular specimens were inspected
using ultrasonic C-scan to assess the extent of their internal
damage caused. The specimens subjected to low-velocity
impact with the impactor mass of 1.58 kg did not show any
damage. However the specimens impacted with the impactor
mass of 5.52 kg show significant internal damage with or
without visible damage on the specimen surface depending on
the amount of incident energy. Figure 7 (a) and (b) present
the impact damage of the specimen for the test of Fig. 6
(incident energy: 18.7 J) using ultrasonic C-scan and X-ray
radiograph, respectively.

The intensity of the dark region shown in Fig. 7 (b) is a
measure of the extent of severe damage in the specimen
including matrix cracking,
fibre
studies[5,6] revealed that in the very dark area fibre breakage

delamination, fibre splitting and

fracture developed; sectioning/polishing and de-ply
and delaminations exist in almost all interfaces through the
thickness of the laminate. The lighter region in Fig. 7 (b)
corresponds to the splitting and delamination of the back face
rather than internal damage. The circled dark region will be
used as the replacement of the impact damage with an

equivalent open hole for the compression after impact(CAI)



70 R &3

%4 -Soutis C.

B G R EBEE

¥eray Radiograph

(a) C-scan

(b) X-ray
Fig. 7 Impact damage of a quasi-isotropic([45/-45/0/90];) IM7/8552
laminate, taken from (a) C-scan and (b) X-ray radiograph
with an incident energy of 18.7 J.

12 Quasi-Static Test\
10 -
= 81
g
g °] 18.71
2, ]
4 4 15.73
21 5.4 10.8J
0 T T T T T y
0 1 2 3 4 5 6
Displacement (mm)
Fig. 8 Comparison of the force-displacement curves of impact tests at

increasing energy levels with the curve from a continuous
quasi-static lateral loading test for circular plates of 2 102mm
diameter([45/-45/0/90]3, - IM7/8552).

strength prediction and compared to the estimated impact
damage area in future study.

3.3 Comparison of Quasi-Static Lateral Load and
Low Velocity Impact Test Resuits

Impact events that involve a high mass impacting a
relatively small target at low velocities can usually be thought
of as quasi-static events[3,4,7,8,9,10]. The most direct way to
determine whether an impact event can be considered
quasi-static is to compare two cases experimentally. Fig. 8
shows the static and dynamic responses of 3 mm thick
quasi-isotropic ~ IM7/8552

force-displacement curves of several drop weight impacts with

panels. In the figure the
varying energy levels(between 5.4 J and 18.7 J) are superposed
on a static deflection test. The quasi-static deflection test was
carried to complete perforation of the specimen. The loading
paths of all the impact events follow the static curve quite
well. The difference between the static and dynamic responses
shown in Fig. 8 is within the scatter of the data.

In Fig. 9, the quasi-static response is again indicated for
the same static and impact events as shown in Fig. 8, where
peak contact force for each test is plotted as a function of

*AA

u Quasi-Static Test -

Peak Force (kN)

O: Impactor mass, 1.58 kg
A: Impactor mass, 5.52 kg

5 10 15 20 25 30 35
Impact Energy (J)

Fig. 9 Peak contact force against impact energy for tests on clamped
circular plates of 102 mm diameter([45/-45/0/90]3, - IM7/8552).

(a) Quasi-static test

(b) Impact Test

Fig. 10 C-scan images taken from (a) static and (b) impact test at a

peak force of approximately 10 kN for the circular plates of
102 mm diameter(|45/-45/0/90});, - IM7/8552).

impact energy. This is compared with the force against
energy absorbed for a quasi-static test, the energy absorbed
being calculated by integrating the area under the
load-displacement curve. It can clearly be seen that at a
given energy the peak force is in good agreement between
the static and impact cases.

The impact data is in good agreement with the static curve
for impact energies of 15 J - 17 J where interior damage is
only detected without visual damage on both surfaces of the
plate(see Fig. 10). At higher impact energy of 18.7 J(peak
force 10.3 kN), the data are also in reasonable agreement
with the quasi-static curve(peak force 11.5 kN) where fibre
fracture on the bottom face is clearly visible. This is a very
good indication that the damage mechanism, from the point
at which damage first initiates to the point that the indenter
has penetrated the plate, are similar to the quasi-static and
impact loading considered in this study. In addition, the good
agreement between the impact peak forces and the static load
as a function of impact energy would suggest that the
damage areas should be in good agreement between the static
and dynamic test cases(see Fig. 10). Fig. 10 shows C-scan
images taken from the static and impact test at a peak force
of approximately 10 kN. It can be seen that damage areas
are similar regardless of the test method.
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Fig. 11 Impacted CAI specimen (a) before and (b) after CAI
strength test showing compression failure with a kink-
band shear([45/-45/0/90];, - IM7/8552).

Table 2 Impact, CAI and OHC test results([45/-45/0/90]5 - IM7/

8552)

Impact Results | Incident Energy (J) 17.8 18:2 18.7

Peak Force (kN) 9.7 10.1 10.3

a'W 0.13 0.17 0.18
Compressive

Failure Strengths CAI 280 243 242

(MPa)
Open Hole 271 - 229
Unimpacted 685

(a = width of impact damaged area; W = laminate width, 100mm)

3.4 CAl Strength Tests

Each circular plate was impacted with a known energy
level of between 5 and 19 J. An energy level between 5 and
16.8 J was too insignificant to encourage the test-piece to fail
at the impact site. Most data for fibre breakage has been
obtained between 17 and 19 J.

During the CAI testing, clear cracking sounds were heard
around the damaged area due to matrix cracking, fibe-matrix
debonding, delamination and fibre breakage. As the applied
load is increased, damage in the form of local buckling like
a crack grows laterally from the impact damage region. In
addition, delaminated regions continued to propagate, first in
short discrete increments and then rapidly at the failure load.
Examination of the failed specimens removed from the test
fixture confirmed that the local delaminations extended
completely across the specimen width but extended only a
short distance in the axial direction with a kink shear band
through the laminate thickness (see Fig. 11 (b)). This pattern
of damage growth'z"5 is similar to that observed in specimens
with open holes under uniaxial compression as described in
Referncel6. Fig. 11 (a) and (b) show a typical impacted
specimen before and after CAI strength test taken by X-ray
radiography. Specimen failure after CAI strength test shows
fibre kink band shear through its thickness.

The residual compressive strengths and impact results are
summarized in Table 2. In the table the extent of damage
caused by the impact was observed by X-ray radiographs as
shown in Fig. 7 (b). The compressive strengths of unimpacted
plain specimens and open hole specimens measured to
provide reference values are also included in the table. For
the open hole specimens, the observed impact damage is
replaced with an equivalent open hole. It can be seen that
of the
unimpacted compressive strength between an energy level of
17.8 J and 18.7 J. In the case of an equivalent open hole
specimens, the failure strengths (OHC) are in good agreement
with those of the residual strengths (CAI), the difference is
less than 10 %. Soutis et al.[12,15,17] have also performed

this strategy, which considers impact damage site as an

the residual strengths are reduced up to 64 %

equivalent hole to predict the CAI strength of different
composite systems and lay-ups. They used damage width
measured from X-ray radiographs for the prediction. The
theoretical predictions are in a good agreement with the

experimental measurements.

4. Concluding Remarks

A quasi-static and dynamic series of tests were performed
using 3 mm thick circular plates([45/-45/0/90}:s - 1M7/8552)
with a flat-ended impactor to compare the static response
with the dynamic response and identify damage patterns
between them. In the dynamic test, two different impactor
masses were used with varying impact energy level, ie.
impactor mass of 1.58 kg under the range of incident energy
between 5 J and 11 J and 552 kg under the range of
incident energy between 16 J and 19 J.

During the quasi-static and impact testing, the development
of damage was monitored using C-scan and X-ray
radiography. Significant interior damage was detected at the
similar applied peak load, 10 kN from the quasi-static test
and 9.8 kN from the impact test prior to initiation of tensile
fibre damage on the tensile face of the plates under the
indenter. In addition, it has been found that damage areas for
both tests are similar(see Fig. 10). From the investigation of
damage patterns performed by Sjoblem, P. and Hartness, J.[7]
using microscopy, it is identified that both the statically
tested and the impacted circular plate specimens have similar
conical shape of damage under the indenter.

In comparison of the force-displacement responses obtained

from both tests, it was confirmed that the curves of several
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drop weight impacts with varying energy levels(between 5.4 J
and 18.7 J) follow the static curve quite well(see Fig. 8). In
addition, the peak contact force-impact energy graph plotted
to be compared with the force against energy absorbed for a
static test(see Figure 9) showed that at a given energy the
peak force is in good agreement between the static and
impact cases.

Finally CAI tests were conducted to determine residual
compressive strength of the plates impacted at an energy
level between 17 J and 19 J. The failure behaviour of the
specimens was very similar to that observed in laminated
plates with open holes under compression loading. The
residual strengths between an impact energy level of 17 J
and 19 J varied from 280 MPa to 242 MPa and reduced to
64 % of the unimpacted compressive strength(685 MPa). The
measured open hole compressive strengths were in good
agreement with the residual strengths, considering the impact
damage site as an equivalent hole. The size of the hole was
determined from X-radiograph images.
that the low

velocity impact response for the plates tested in this study is

The experimental results above indicate
close to quasi-static behaviour. This means that inertia effects

are negligible and hence the plate response is the
fundamental, or statically deflected, mode. It is also indicated
that impact damage site for CAI strength can be modelled as
an equivalent hole. On the basis of these experimental

findings, simple analytical models will be developed to
predict impact damage area, reduced elastic properties due to
the impact load and CAI strength in future work. The results

obtained in this study will be compared to the predict results.
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