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Abstract
The present study investigates the effect of the impactor geometry on the impact perfor-
mance, at relatively high impact energies, of carbon fibre-reinforced polymer (CFRP) lam-
inates with a cross-ply configuration of [02/902], which were manufactured using unidi-
rectional (UD) carbon-fibre epoxy-matrix plies. Drop-weight impact tests were performed 
using both round-nosed and flat-ended rigid impactors. White light interferometry (WLI), 
ultrasonic C-scan and scanning electron microscopy (SEM) were employed to assess 
the relationship between the indentation profile, the delamination footprint and the frac-
ture morphology along the fracture plane. This study focusses on the coupling between 
the extent of indentation, the loading responses and the associated damage caused in the 
CFRP. This damage involved both intralaminar damage, including matrix cracking and 
fibre-kinking and fracture, and interlaminar, i.e. delamination, damage. This paper studies 
in more detail the finding that the flat-ended impactor only caused significant damage to 
the CFRP panel when an impact energy of 25 J and above was attained, which was previ-
ously observed by Y. Ding. J. Liu, Z.E.C. Hall. R.A. Brooks, H. Liu, A.J. Kinloch and 
J.P. Dear, “Damage and energy absorption behaviour of composite laminates under impact 
loading using different impactor geometries”, Composite Structures 321 (2023) 117259. 
At an impact energy of 25 J, a compressive kink-band fracture plane occurred around the 
periphery of the flat-ended impactor near the front surface of the laminate. A previously 
published numerical model has been extended to account for these experimental observa-
tions. The modelling accurately predicts the damage features observed for the two types of 
impactor geometry with indentation playing a significant role on the threshold for damage 
and the distribution of damage.
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1  Introduction

 Composites materials, such as carbon fibre-reinforced polymer (CFRP) laminates, are 
attractive for structural components in commercial aircraft due to their good fatigue resist-
ance and weight-saving properties. However, impact with foreign objects, such as tools and 
runway debris, can lead to structural damage in composite materials and this is still an area 
of concern. For this reason, the drop-weight impact performance of composites is a well-
researched topic [1–13]. These studies have looked at, for example, the effects of impactor 
shape, panel thickness and lay-up on the perforation resistance and the extent and shape 
of sub-surface damage. For relatively high velocity impacts, increasing the bluntness of 
the impactor reduces the likelihood of penetration of the CFRP test panel [4]. For lower 
velocity impacts, the impactor geometry, support arrangement and response of the com-
posite specimen itself affects the shape of the delamination footprint produced beneath the 
impacted surface [9, 13].

To demonstrate these effects, Sun and Hallet [13] performed impact tests on a com-
posite stringer-stiffened plate to represent an aircraft structure. Sun and Hallet showed 
that the damage processes observed in simple flat test panels also occurred in these more 
representative structural components and that the impact damage could be simulated by 
their modelling studies. They also showed that the initiation of failure, associated with a 
load drop, could be predicted on the load-time traces. Now, indentation of the struck sur-
face of the CFRP test panel, caused by the impactor, often acts as an initiation point for 
cracks, facilitating intralaminar cracking propagation within the matrix, and this can lead 
to interlaminar damage, i.e. delaminations, between the CFRP plies. Further, at relatively 
high impact energies, other damage such as fibre-kinking and fibre fracture along a frac-
ture plane in the CFRP panel may may be initiated. Butler et  al. [14] have applied ana-
lytical modelling techniques to predict the compressive fatigue limit of impact damaged 
composite laminates. In their analytical model, a circular delamination is modelled as a 
thin film which fits within the central region of barely visible impact damage generated 
by the impact event. It is also possible to predict the effect on the compressive and fatigue 
loading on this weakened structure. Their analytical modelling technique was validated by 
experimental observations.

Numerical simulation plays a pivotal role in understanding the dynamic response and 
the damage behaviour of composite materials subjected to a low-velocity impact. For 
example, Zhou et al. [15] have conducted a finite element analysis (FEA) on the low-
velocity repeated impact behaviour of composite laminates and showed clearly how the 
delamination formed at the ply interfaces and its extent depended on the thickness of 
the panel. Also, Liu et  al. [16] have used modelling to replicate the unusual delami-
nation footprint caused by a flat-ended impactor at a relatively low impact energy of 
15 Mahesh et  al. [17] have studied the impact behaviour of epoxy-matrix composites 
for different shapes of impactors, e.g. hemispherical, flat-ended and conical, as well as 
the effect of different thicknesses of composite panel. They showed that a flat-ended 
impactor produced the most extensive damage followed by the hemispherical impac-
tor. The conical impactor tended to penetrate locally but did not produce very extensive 
damage. A FEA model has been proposed by Liu et  al. [18] which was developed to 
predict the impact behaviour of CFRP composites using both thermoplastic and thermo-
setting polymeric matrices and more recently, to study the effect of an impact on CFRP 
test panels which had been repaired using adhesively-bonded CFRP patches [19]. These 
FEA simulation approaches (a) model the ply or lamina, as an anisotropic continuum, in 
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which intralaminar failure can occur and (b) model interlaminar failure, i.e. delamina-
tions, between the plies, using a cohesive, i.e. damage, surface law. These two damage 
processes are closely coupled and are affected by the shape of the impactor. However, 
in these modelling studies always a very low impact energy was used, i.e. equal to, or 
less than, 10.5 J. Hence, no intralaminar fracture plane was induced in the CFRP panel 
which led to fibre-kinking and fibre fracture being recorded.

Other researchers have used numerical modelling, for example, Palta et  al. [20] 
to study the effect of different frontal profiles for projectile impact on multi-ply flex-
ible fabrics. These fabrics are secured at their edges and the ballistic limits, for a flat-
ended cylindrical impactor, conical impactor and spherical impactor, were assessed. 
The threshold velocity for penetration was lowest for the conical impactor and highest 
for the flat-ended impactor with the spherical impactor have a threshold between these 
two extremes. The numerical modelling allowed detail on the transverse displacement 
contours to be determined, as well as the effects of the weft and warp, in the woven 
structure. Nilakantan et al. [21] also researched the effect of projectile size and shape 
on the impact response of a single layer clamped flexible woven fabric using FEA. In 
their study, the spherical, flat-ended cylindrical and conical impactor had two different 
sizes. The extent of fabric deformation scaled with the impactor size. Talebi et al. [22] 
reported a very detailed FEA evaluation on the effect of conical projectiles, with differ-
ent nose angles, on ballistic penetration of high strength fabrics. This showed clearly 
how the stress distribution changed markedly with the nose angle and, when the nose tip 
was blunter, there was a larger punched region.

The present study focuses on the indentation, loading response and associated dam-
age processes, with the aim of providing an enhanced insight into the effects of impac-
tor geometry on the impact performance of a CFRP panel where the impact energy used 
was 20–25 J. This follows on from a previous experimental study on round-nosed and 
flat-ended rigid impactors published in [9]. In this paper, a more detailed study of the 
threshold impact condition for a flat-ended impactor has been performed showing the 
onset and the nature of the impact damage generated. For comparison, the behaviour 
at these two impact energies is also explored for a round-nosed impactor. By utilising 
white light interferometry (WLI), ultrasonic C-scan and scanning electron microscopy 
(SEM), detailed indentation profiles, delamination footprints and the morphology of 
any fibre-kinking and fracture, at relatively high impact energies, were obtained. In this 
paper, the FEA model proposed by Liu et al. [18] has been modified to extend its appli-
cability to the relatively high impact energies used in the present studies. This model-
ling can reveal in detail the sequence of the different matrix intralaminar failure pro-
cesses as well as the extent and location of delamination damage, and their relationship 
to indentation of the upper surface of the CFRP. The novelty of this research is that by 
employing FEA modelling, it is possible to see in detail the different types of intralami-
nar and interlaminar damage. These different types of damage, through the thickness of 
the specimen, are compared for the experiments at an impact energy, when damage is 
present for round-nosed and flat-ended impactors. Previous research by Ding et al. [9] 
had shown that the flat-ended impactor only resulted in damage for impact energies of 
25 J or over, whilst the round-nosed impactor exhibited damage below this threshold. 
For this reason, the two impact energies chosen were 20 J when only impact damage 
using the round-nosed is observed and 25 J when impact damage from using either the 
round-nosed or the flat-ended impactor is observed. A detailed comparison of damage is 
undertaken at 25 J for both type of impactors.
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2 � Experimental Studies

2.1 � CFRP Panels

Rectangular CFRP panels with a cross-ply configuration of [02/902]2s and having a nomi-
nal length of 150 mm, a width of 100 mm and a thickness of 4.6 mm were machined 
from large plaques. These panels were manufactured using a CFRP based on an epoxy-
matrix unidirectional prepreg (MTC510-UD300-HS-33%RW from SHD Composites 
Ltd, UK), containing 60% (volume fraction) of UD T700 carbon fibres. The prepreg 
plaque was cured via autoclave processing under 6 bars, holding at 110 ℃ for a 120 min 
dwell time and cooling down at 2℃ per minute.

2.2 � Drop‑weight Testing

The drop-weight tower (Model 9340 from Instron, UK), as shown in Fig.  1, was 
employed to conduct the impact tests, following the test requirements of ASTM D7136 
[23]. The drop-weight tower was fitted with a data acquisition system that interfaces 
with a photoelectric sensor, and a load cell capable of measuring up to 22 kN and 
collecting data at a sampling rate of 500 kHz. Together, these components enable the 
impact velocity, impact force and displacement at the impact point to be measured. 
The CFRP panel was supported on steel supports with a 125 mm × 75 mm cut-out 
window at the lower part of the tower, see Fig. 1, and impacted in the centre by either 
a round-nosed or flat-ended rigid impactor, see Fig.  2, at impact energy levels of 20 
and 25 J. Both impactors were manufactured from stainless steel with a diameter of 
16 mm (round-nosed impactor mass: 5.265 kg; flat-ended impactor mass: 5.255 kg) 
and impact velocities of 2.76 m.s−1 and 3.08 m.s−1 were employed to achieve impact 
energies of 20 to 25 J, respectively. At these impact energies of 20 and 25 J, a dropped 
tool or other high mass impactor travelling at low velocity would produce damage in a 
composite laminate of thickness 4.6 mm. Before the impact testing was conducted, all 
the CFRP panels were C-scanned to confirm there were no prior delaminations present. 
To check the test reproducibility impact tests, using both impactors at both impact 
energy levels, were repeated and the replicate results for the load-time traces and 
delamination footprint areas were usually within ± 5% of each other. Load-time traces 
typically rise to approximately 10 kN and repeat experiments (three in each case) show 
the load traces usually vary less than 0.5 kN. Likewise, when the delamination area 
was 1400 mm2, repeat experiments gave delamination areas within the range 1330 to 
1470 mm2. This was also the case for higher impact energies where the delamination 
area increased but the variation was ± 5% from the mean.

2.3 � Damage Assessment

The present study uses white light interferometry (WLI) to capture the profile of any 
indentation created by the low-velocity impact, see Fig. 3. This technique employs the 
principle of Michelson interferometry [24] with phase related interference. As shown 
in Fig. 3a, a ContourGT 3-D Optical Profilometer (supplied by Bruker, USA) offers a 
sub-nanoscale resolution and thus is able to give a detailed and accurate surface mor-
phology. The post-impacted panel, with the impact side facing up, was positioned on 
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the sample holder. After establishing the edge of the panel as a reference plane, the 
probe systematically scanned the target area, dividing it into multiple sub-regions. 
Upon completion of the scanning, the Bruker Vision software automatically stitched 
the images from these sub-regions into a 3-D map of the indent. Considering the maxi-
mum single scanning area of this profilometer, a rectangular area centred around the 
impact point with width of 2 mm and length of 40 mm, was selected as the scanned 
area for WLI scanning only, see Fig. 3b.

After (a) WLI scanning using the profilometer and (b) ultrasonic C-scanning by a 
portable scanner ‘Prisma’ (supplied by Sonatest Ltd., UK) all tested panels were cut 
through the middle line (see Fig. 3b) using a ‘Brillant 220’ cutting machine (supplied 
by QATM, Germany) for cross-section inspection under SEM (supplied by TESCAN, 
Czechia). To reduce the post-impacted panels from damage caused by cutting, a 0.5 mm 
thick diamond cut-off wheel, having a precision of 1 μm, was used to cut the panels at a 
forward speed of 0.2 mm per second with a rotational speed of 4000 rpm.

Fig. 1   The drop-weight test set-up equipped with the round-nosed impactor
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3 � Numerical Modelling Studies

3.1 � Overall Approach

A previous model has been proposed by some of the present authors which simulated very 
successfully the impact response of continuous CFRP composites based upon thermoplastic 
and thermosetting matrices [18], and repaired CFRP plates using an adhesively-bonded patch 

Fig. 2   The round-nosed (left) and flat-ended (right) impactors

Fig. 3   WLI scanning: a ContourGT 3-D Optical Profilometer; b Diagram of scanned area (the black dashed 
circle indicates the impact area)
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repair [19], which were subjected to relatively low-velocity impacts of equal to, or less than, 
10.5 J. This model [18] is a three-dimensional (3-D) finite-element analysis (FEA) simulation 
incorporating an elastic-plastic (E-P) damage model and a model for the initiation of intrala-
minar failure damage based upon the Northwestern University failure criterion [25–27]. These 
damage models were both implemented as a user-defined material (‘VUMAT’) sub-routine in 
a FEA code (in ‘Abaqus/Explicit’). However, in these previous tests, at a relatively low impact 
energy (less than 10.5 J) no major intralaminar fracture plane was observed to result in the 
CFRP test panel from the impact strike. Such a fracture, which typically occurs at relatively 
higher impact energies (e.g. 20 and 25 J), as used in the present study, arises from angled 
intralaminar crack growth in the matrix which causes fibre-kinking, and possibly fibre frac-
ture, along this fracture plane. Indeed, in this previous model [18] the Northwestern Univer-
sity failure criterion was adopted to model the initiation of intralaminar failure which specially 
excludes the prediction of the initiation of such an intralaminar fracture plane and subsequent 
fibre damage.

Now, at relatively higher impact energies (i.e. 20 and 25 J), as used in the present study, 
it is often important to consider the initiation of intralaminar crack growth to give an 
angled fracture plane. These processes are usually associated with a localised compressive 
failure. Indeed, such a failure mode has been observed [9] previously in the present CFRP 
material at relatively high impact energies. When such a fracture plane and associated fibre 
compressive kink-bands occur they do so in an inclined fracture plane at an angle, � , to 
the normal to the ply, which is also normal to the laminate surface. This has been shown 
experimentally by Ding et  al. [9] and previously analysed in detail by many researchers 
[28–30] typically using the Hashin-Puck criterion [31–35] for the initiation of intralaminar 
failure. Thus, in the present extended model, the Northwestern University failure criterion 
[25–27] for the initiation of intralaminar failure used in [18] has been replaced by the equa-
tions given in the Hashin-Puck criterion [31–35], since this criterion does model the initia-
tion of an angled intralaminar fracture plane in the matrix, which causes fibre-kinking and 
may possibly lead to fibre fracture along this fracture plane. Also, the need in the previous 
work [18] to model a CFRP which was based upon a relatively tough and ductile thermo-
plastic matrix, i.e. poly(ether-ether ketone), demanded the adoption of an elastic-plastic 
(E-P) damage model, which is not required for the relatively brittle epoxy matrix employed 
in the present study. Therefore, to simplify and decrease the run-time of the present model, 
only an elastic analysis was undertaken.

The implementation of the present model, which has been extended as described above, 
is shown schematically in Fig. 4, where the overall flowchart for one computational time-
step and a single integration point is given. Both the flowcharts for the main model and for 
the new user-defined sub-routine are shown. As noted above, this present model is based 
upon the previous model [18] and, for brevity and to avoid repetition, all the methodolo-
gies and equations that are used in the numerical model, as given in Fig. 4, are derived 
and presented in [18]; where the equations are numbered as in Fig. 4. However, as shown 
in Fig.  4, the Northwestern University failure criterion for the initiation of intralaminar 
failure used in [18] has been replaced by the equations which are given in the Hashin-Puck 
criterion [31–35], see below in Table 1. Further, as noted above, only an elastic analysis is 
undertaken, again see Fig. 4.

It became apparent in this study that the Hashin-Puck criterion, with its inclined intrala-
minar fracture plane and associated fibre compressive kink-bands, was needed particularly to 
model accurately the damage around the edge of the flat-ended impactor and for this reason 
the Hashin-Puck damage criterion was adopted and this will be demonstrated later.
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3.2 � Intralaminar Failure

For the reasons discussed above, to model the initiation of intralaminar failure in the pre-
sent tests the Hashin-Puck failure criterion [31–35] was employed in a new user-defined 
material (‘VUMAT’) sub-routine embedded in the FEA code previously proposed [18], 
instead of the Northwestern University failure criterion [25–27], see Fig. 4.

The Hashin criterion [32, 33] is widely used for tensile and compressive fibre failure, see 
Equations (P1) and (P2) in Table 1, as it is efficient in terms of computational time [2, 3, 15, 

Fig. 4   The implementation of the 3-D FEA model showing schematically the overall flowchart for one 
computational time-step and a single integration point. Both the flowcharts for the main model and for the 
user-defined sub-routine are shown. This FEA modelling simulation of the impact event would be run typi-
cally over a time-scale, t, of 0 to ca. 6 ms, with ca. 200 time-steps being employed. The simulation runs 
were stopped when the defined total computation time for the impact simulation event had expired. (All 
the methodologies and equations that are used in the above FEA model are derived and presented in [18] 
where they are numbered as in the above figure. Apart from the use of the Hashin-Puck criterion defined by 
equations P1 to P4 in order to accommodate the damage modes seen at relatively high impact energies as in 
Table 1.)
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36]. Turning to transverse failure, the Puck methodology assumes a Mohr-Coulomb type of 
failure for loading transverse to the fibre direction and he developed an underlying theory 
to analyse intralaminar crack growth which occurs along a given fracture plane and which 
typically involves kink-banding of the fibres and fibre fracture. This is often referred to as 
the Puck criterion [34, 35], see Equations (P3) and (P4) in Table 1, where the criteria for 
matrix loading under both tensile and compressive stresses are given. The failure is assumed 
to be caused by the normal and shear stresses which are acting upon the fracture plane, i.e. 
σ nn, σ nl and σ nt, and these may be deduced as shown in Table 1. The angle for the fracture 
plane, θ , typically falls within the range of 51° to 55° [27, 36–45]. In summary, when matrix 
tension, i.e. σ nn > 0 , exists then fracture is assumed to initiate according to the quadratic 
interaction criterion given in Equation (P3) in Table 1. Whereas, a compressive stress, i.e. 
σ nn < 0 , acting tends to close any crack which impedes the transverse shear fracture. Puck 
concluded that for σ nn < 0 the shear stresses, i.e. σ nl, σ nt , have to overcome an additional 
resistance which increases with ∣ σ

nn
∣ and he modelled this by introducing two frictional 

coefficients, i.e. μ nl and μ nt, in the longitudinal and transverse directions, respectively, of the 
fracture plane based on the Mohr-Coulomb failure theory, to give Equation (P4).

The equations used in the extended model from [18] in the present paper using the 
Hashin-Puck criterion are given in Table 1. Here the sub-scripts i, j = 1,2, 3 (in σ ij , ν ij , 
Eij and Gij ) refer to the fibre (longitudinal), in-plane (transverse) and out-of-plane (normal) 
directions and the sub-scripts ft, fc, mt, mc (in F) denote fibre tensile, fibre compression, 
matrix tensile and matrix compression, respectively. In the 3-D FEA model, once one of 
the damage criteria in Table 1, i.e. F ≥ 1 , is satisfied, the displacement-based linear dam-
age propagation model, as used previously will be triggered to predict the evolution of the 
intralaminar damage, see Figs. 4 and [18] for details.

3.3 � Interlaminar Failure

The interlaminar damage that arises involves the initiation and growth of delaminations 
between the plies that make up the composite laminate and its modelling is fully described 
in [18]. Indeed, in [18] the reader can follow the logical development of the numerical 
model, the failure criteria used and how crack initiation and propagation for interlaminar 
damage, i.e. delamination, are defined and quantitatively modelled. As a short summary, 
interlaminar failure was captured using the ‘Abaqus’ built-in cohesive surface solution, 
where the traction is a function of the displacement using a bilinear cohesive law for a 
linear-softening material model. The energy under the bilinear cohesive law was equivalent 
to the interlaminar fracture energy, Gc . Before the initiation of delamination, the cohesive 
law possessed linear-elastic behaviour with a stiffness of ki . Once the interlaminar damage 
criterion was satisfied the cohesive stiffness was degraded linearly until separation of the 
interface occurred, i.e. interlaminar cracking occurred, when the traction tended to zero 
and the maximum failure displacement was now attained. It should be noted that the ini-
tiation and growth of any intralaminar damage significantly influenced the extent of inter-
laminar damage and hence these two damage modes were modelled to be interactive in the 
‘Abaqus’ simulation.

3.4 � FEA Modelling

A 3-D FEA progressive damage model, incorporating a user-defined subroutine ‘VUMAT’ 
was created in ‘Abaqus/Explicit 2022’ to predict the impact performance of the CFRP 
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panels under a relatively high impact energy. As noted above, the flow chart used for the 
present model is given in Fig.  4, which is based on the previous 3-D FEA model [18] 
but (a) with the failure criterion for the initiation of intralaminar damage changed to the 
Hashin-Puck criterion, see Table 1, and (b) the CFRP assumed to behave as a linear-elas-
tic material. It should be noted that during the computation any damaged elements were 
deleted, as described in [18].

Figure 5 illustrates a quarter of the FEA model for simulating the drop-weight impact, 
in which the sample holder and clamps were constrained to six degrees of freedom to 
simulate the real boundary conditions of the CFRP panels during the drop-weight test. 
The impactors, clamps and sample holder were modelled as discrete bodies and only the 
impactors were allowed to have a translational freedom in the z-direction and assigned an 
impact velocity in the predefined field, whilst the clamps and sample holder were rigidly 
fixed. The contacts between the CFRP laminates and the rigid bodies were assumed to 
be frictional contacts along the tangential direction with a friction coefficient of 0.2 [18]. 
The CFRP plies were modelled as 3-D deformable parts between which a finite-thickness 
(i.e. 0.001 mm) eight-node cohesive element layer (COH3-D8) was inserted, and a pen-
alty algorithm with a friction coefficient of 0.25 was set to describe the tangential contact 
behaviour [18, 19]. Eight-noded linear-reduced integration (C3-D8R) elements with a size 
of 1 mm × 1 mm × 1 mm were assigned to the composite plies. Mesh sensitivity analysis 

Table 2   Material properties of a UD ply of the CFRP laminates [19]

Property Value

Moduli (GPa) E
11

= 115; E
22

= E
33

= 8.2

G
23

= 3.6; G
12

= G
13

= 3.6

Poisson’s ratio v
23

= 0.34; v
12

= v
13

= 0.34

Strength, S, values (MPa) S
1t = 2282; S

2t = S
3t = 54

S
1c = 1067; S

2c = S
3c = 200

S
12

= S
13

= S
23

= 99

Intralaminar ply fracture energies (kJ/m2) GIc|ft = 133; GIc|fc = 40

GIc|mt = 0.4;

GIc|mc = 1.3; GIIc|ms = 1.3

Interlaminar ply fracture energies (kJ/m2) GIc = 0.4; GIIc = 1.3

Benzeggagh–Kenane exponent � = 1.45

Cohesive law strengths (MPa) t0
33

= 43.0; t0
31

= t0
32

= 50.0

Initial cohesive law stiffness (MPa/mm) ki = 6.4 × 10
5

Fig. 5   The quarter configura-
tion of the 3-D FEA model with 
the round-nosed impactor. (The 
composites plies are highlighted 
in brown and khaki for the 0° and 
90° fibre orientations, respec-
tively)
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studies were performed and it was found that a mesh size of 1 mm x 1 mm x 1 mm gave 
accurate results for stress and strain gradient and damage evolution in a reasonable time-
scale. Typically, the model would take 24 to 30 h to run depending upon the geometry of 
the impactor. The process for deletion of elements is based on the damage parameter. If the 
damage parameter exceeds 0.99 then the element is deleted. The material properties of a 
CFRP UD ply as employed in the model are listed in Table 2.

4 � Results and Discussion

4.1 � Load‑Time Response

Figure  6 presents a comparison between the simulated and experimental load-time 
response traces at the two impact energies of 20 J and 25 J. At both energy levels, the spec-
imen impacted by either the round-nosed or flat-ended impactor shows oscillatory behav-
iour on the rising part of the load-time curves. These initial oscillations on the rising part 
of the load versus time trace are indicative of mass-spring oscillations. These near sinusoi-
dal oscillations in load are mostly affected by the panel elastic stiffness and the masses of 
the composite panel and the striker, as well as the support arrangement. Contact stiffness at 
the impact point also plays a significant role. The induced dynamic oscillations decay due 
to intrinsic damping of the composite panel and frictional effects at the supports [46–49].

It should be noted that there is a significant load drop, for the round-nosed impactor, at 
approximately 5 kN at 0.8 ms, for both the 20 J and 25 J impacts energies. For the round-
nosed impactor, all three repeat load-time traces (i.e. Expts. 1, 2 and 3) are very similar at 
each impact energy (i.e. 20 and 25 J) and the simulation (the red continuous line) replicates 
the experimental behaviour very well. For the flat-ended impactor at an impact energy of 
20 J, there is no indication of load drop on the rising or falling part of the load-time trace 
and again the simulation captures this response accurately. Indeed, it will be shown below 
that no delamination damage was present at this impact energy and this is consistent with 
no load drop being observed. When the impact energy is increased to 25 J, for the flat-
ended impactor, an interesting effect occurs. For Expts. 1 and 2, the load-time trace goes 
past its maximum value, i.e. just over 12 kN at 2 ms, and then a load drop occurs on the 
falling part of the curve just under 12 kN. For Expt. 3, at an impact energy of 25 J, there 
is a load drop just under 12 kN (at 1.4 ms) and this occurs just before the maximum load 
condition would be expected to be reached. These significant load drops are usually indica-
tive of the initiation of damage [13, 18]. Previous modelling has shown that employing 
an accurate intralaminar damage model, such as the Hashin-Puck failure criterion for the 
present tests, is a key factor in predicting these load drops in the load-time trace. For the 
flat-ended impactor, at an impact energy of 25 J, it is clearly fortuitous that the model-
ling captures the behaviour of the load drop just before a maximum load of 12 kN would 
be expected to be reached. Clearly, when the initiation load (just under 12 kN) is nearly 
coincident with the maximum load condition (just over 12 kN) for the load-time trace 
there can be an uncertainty, associated with material inhomogeneities or irregularities, as 
to when damage initiation occurs experimentally and it may now occur on the rising or 
falling part of the load-time trace. The modelling, on the other hand, will always predict 
initiation of damage on the rising part of the trace, as this is reached first. This is thought to 
be the reason why the modelling fortuitously captures the Expt. 3rd case. This variability 
in response of the damage processes is suggested to be linked to inherent defects in the 
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composite material associated with ply interfaces and related features, and not attributable 
to the material properties employed in Table 2.

The load-time traces for the round-nosed impactor exhibit a lower peak load and longer 
contact duration compared with the flat-ended impactor. This is to be expected as the flat-
ended impactor is more quickly arrested. At 25 J, the damage initiation load drop at 5 kN 
for the round-nosed impactor is not quite as dramatic as the damage initiation load drop 
at just under 12 kN for the flat-ended impactor. When the initiation load for a load drop is 
higher then more strain energy is stored and the process will be more dramatic. For both 
types of impactor, these initiation load drops are usually indicative of intralaminar damage 
followed by interlaminar, i.e. delamination, damage.

4.2 � Delamination Damage

The C-scan technique was employed to assess the extent of delamination damage in the 
CFRP panels. It was found that the shape and extent of the delaminations as predicted from 
the present 3-D FEA model are very similar to the experimental results, as shown in Fig. 7. 
These delaminations are colour-coded according to their depth through the CFRP panels. 
Delaminations nearest the impacted surface give an ultrasonic reflection colour-coded red 
and delamination furthest from the impact surface gives a reflection colour-coded blue, 
where dark blue corresponds to a reflection from the rear surface of the specimen. Further, 
it is evident that the propagation direction of the delamination, at the interface between 
plies of different direction, exhibits a strong correlation with the fibre orientation of the ply 

Fig. 7   Delamination footprints (highlighted by the white dashed line) from C-scan experiments [9] and 
the modelling simulations for the CFRP panels for the round-nosed and the flat-ended impactors at impact 
energy levels of 20 J and 25 J
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below the interface. In the case of the round-nosed impactor, at an impact energy level of 
25 J, the delaminations begin at the point of impact and spread outwards in all directions. 
In contrast, for the flat-ended impactor at 25 J, a circular region, with no delaminations pre-
sent, corresponding in size to the impactor head, is observed directly beneath the flat-ended 
impactor. Delaminations then initiate from the edges of this area and propagate outwards 
towards the boundaries.

It is evident from these experimental and simulation results that the delamination foot-
print area is approximately 1700 mm2 for the round-nosed impactor and approximately 
2000 mm2 for the flat-ended impactor at an impact energy of 25  J. Indeed, it is to be 
expected that a load drop at a higher load, see Fig.  6, would lead to more damage and 
this is indeed evidenced by the larger delamination footprint for the flat-ended impactor at 
25 J. The flat-ended impactor therefore induces a more extensive area of delamination, thus 
exerting a more detrimental influence on the structural stiffness of the CFRP. It is appar-
ent that the round-nosed impactor is more likely to cause delamination in the CFRP pan-
els. However, once a certain threshold impact energy, i.e. 25 J, is reached, the flat-ended 
impactor exhibits more significant damage.

A significant observation is that for an impact energy of 20 J, for the round-nosed impac-
tor, there is a load drop around 5 kN at 0.8 ms in Fig. 6 and clear evidence of delamination 
damage in Fig. 7. However, at the same impact energy of 20 J, for the flat-ended impactor, 
the load-time trace shows no load drop and there is no evidence of delamination damage. 
The main difference between the two impactor is that for a round-nosed impactor there is a 
central localised indentation provided by the round profile. On the other hand, the flat-ended 
impactor spreads its loading over the frontal area of the impact with no central localised 
indentation. This indentation process play a very significant part in initiating damage. It is 
for this reason that the indentation profiles were determined in the next Section.

It should also be noted that, at a high impact energy of 25 J, the delamination area for 
the flat-ended impactor is more than for a round-nosed impactor with the region directly 
below the flat-ended impactor showing no delamination. In this study, Compression After 
Impact (CAI) experiments were not performed, however, it would be expected that the CAI 
strength would be reduced for a panel struck by the flat-ended impactor at 25 J.

4.3 � Indentation Damage

The scanning results from the WLI technique on the post-impacted specimens show clearly 
the indentation, see Figs. 8 and 9. The characteristic indentation profiles resulting from using 
the round-nosed and flat-ended impactors were permanently imprinted on the impacted face. 
For the round-nosed impactor, localised indentation occurs at 20 and 25 J, as shown in Fig. 8. 
The maximum indentation depth increases from approximately 150  μm at 20  J to 180  μm 
at 25 J. (It should be noted that the vertical scale is exaggerated compared to the horizontal 
scale.) For a round-nosed impactor test, the indentation deformation is localised directly under 
the centre of the impactor. On the other hand, as shown in Fig.  9, the flat-ended impactor 
induced very little permanent deformation in the material, in the central region, at the 20 J 
impact energy level. There was a minor resin squeeze-out of the order of 30 μm, at the periph-
ery of the impact zone, for the 20 J impact energy. As the cured ply thickness is approximately 
575 μm, it is possible for there to be some fibre damage but it will be a very small fraction of 
the cured ply thickness. For this reason, it seems reasonable to neglect the minor change in 
mechanical performance due to this squeeze out effect. With a further increase to an impact 
energy of 25 J, the indentation became particularly pronounced with a depth of approximately 
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50 μm being measured, accompanied by a severe material bulge in the surrounding area. There 
is a distinct step at the edge of the contact area indicating some sub-surface movement of the 
facing ply. The indications are that this indentation is linked to the shape of the delamination 
damage observed for the flat-ended impactor at 25 J, as shown in Fig. 7. It is evident that the 
indentations caused by the flat-ended impactor exhibit a cylindrical geometry, which is very 
distinct from the very localised central damage generated by the round-nosed impactor. For 
the round-nosed impactor, the contact area grows from a point contact to a circular zone as the 
material deforms under the incoming round-nosed impactor. This results in a significant stress 
concentration arising under the impactor tip. This leads to disruption and damage in the matrix 
of the facing ply. In contrast, the flat-ended impactor maintains a planar contact with the CFRP 
panel throughout the impact event. This leads to a substantial reduction of the transverse shear 
stress, thereby preventing the formation of indentations at lower energy levels. However, due 
to its larger contact area, once the applied stress reaches the shear strength of the material, an 
instantaneous and extensive indentation is formed.

4.4 � Morphology of the Intralaminar Fracture Plane

To understand better the damage processes that occurred in the intralaminar fracture 
plane, sections were cut transversely through the middle line (see Fig. 3b) for cross-section 

Fig. 8   WLI scanning results of the indentation induced by the round-nosed impactor at impact energies of 
20 and 25 J and corresponding displacement curves along the centreline of the selected area, see Fig. 3b. 
(Please note that the vertical scale is exaggerated compared to horizontal scale.)

Fig. 9   WLI scanning results of the indentation induced by the flat-ended impactor at impact energies of 
20 and 25 J and corresponding displacement curves along the centreline of the selected area, see Fig. 3b. 
(Please note that the vertical scale is exaggerated compared to horizontal scale.)
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inspection. It was found that the impactor geometry directly influences the characteris-
tics of the fibre fracture that results at high impact energies of 25 J. That is with matrix 
tensile cracking and associated fibre full-out fracture at the lower plies occurring for the 
round-nosed impactor and matrix compressive cracking and associated fibre-kinking frac-
ture occurring at the upper plies for the flat-ended impactor, as shown in Fig. 10. During 
the round-nosed impact, the gradually increasing contact area results in a stress propagat-
ing normal to the growing contact surface, preventing excessive transverse shear stresses. 
As a consequence, the CFRP material matrix directly under the round-nosed impactor 
undergoes compressive deformation, and the panel experiences bending deformation in 
the through-thickness direction. This results in the lowest ply, on the non-impacted side, 
experiencing the maximum tensile stress and associated longitudinal strain. This is where 
fibre tensile failure will occur, once its longitudinal tensile strength is reached. For the flat-
ended impactor, a larger planar surface and sustained planar contact with the specimen, 
mitigates the stress concentration with the structural bending deformation oriented to the 
through-thickness direction. When the compressive strength, due to localised compression 
and shear loading of the matrix and associated fibres is exceeded, the uppermost plies of 
the CFRP are the first to experience fibre-kinking fracture with flat and sharp fractured 
fibre heads. Under the combined influence of structural bending deformation, a kink-band 
fracture plane with a specific angle of 55° was formed for an impact energy level of 25 J. 
This corresponds with the orientation of the fracture plane associated with the compres-
sive kink band which is a feature of the Hashin-Puck failure criterion. Repeat experiments 
showed consistent behaviour with fibre full-out fracture at the lower plies occurring for the 
round-nosed impactor, beneath the centre of the impactor and fibre-kinking fracture occur-
ring at the upper plies for the flat-ended impactor, near the edge of the flat-ended impactor. 
These observations agree with previous results [9] and confirm that to model accurately the 

Fig. 10   Optical and SEM micrographs of the cross-section of the round-nosed (top and left) and the flat-
ended (bottom and right) impacted CFRP panels at an energy level of 25 J showing fibre pull-out fracture 
(left) of the lower plies from the round-nosed impactor and fibre-kinking and fibre fracture (right) of the 
upper plies from the flat-ended impactor [9]
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present results at 20 J and 25 J impact energies the use of the Hashin-Puck failure criterion 
should be adopted, as in the present extended model.

4.5 � Numerical 3‑D FEA Results for Indentation and Matrix Intralaminar Damage

The delamination predictions from the extended 3-D FEA model, i.e. with the Hashin-Puck 
failure criterion, for round-nosed and flat-ended impactors were shown earlier in Sect. 4.2 
for impact energies of 20 and 25 J. In the present section this extended 3-D FEA model has 
been employed to analyse the indentation and intralaminar matrix damage processes for 
the round-nosed and flat-ended impactor at an impact energy of 25 J. Thus, in Fig. 11 the 
predicted matrix intralaminar damage under the round-nosed (top) and flat-ended (bottom) 
impactors at an energy level of 25 J.

In Fig.  11, damage areas are colour coded with blue representing no matrix damage, 
red representing matrix tensile damage, green representing matrix compressive damage 
and yellow representing mixed matrix tensile/compressive damage. These matrix damage 
modes are based on the Hashin-Puck failure criterion, see Table  1. It can be seen that, 
under the round-nosed impactor, matrix tensile damage (red) occurs first at about 0.5 ms at 
the lowest ply and then spreads upwards, whilst matrix compressive damage (green) occurs 
at 1 ms and spreads downwards. At 2 ms, mixed matrix tensile/compressive damage (yel-
low) occurs and this leads to the central indentation observed experimentally. Hence, in 
terms of intralaminar failure, the indentation caused by the round-nosed impactor is a com-
bination of matrix tensile and compressive damage. As shown experimentally in Fig. 10 
(top and left), this is accompanied by fibre tensile damage (fibre pull-out damage).

However, for the flat-ended impactor, in Fig. 11, matrix tensile damage (red) was the 
main type of matrix damage observed during the loading stage (at 1.05 ms and later) 
and this was present mostly in the lower plies. Also, visible is compressive failure (lead-
ing to fibre-kinking and fibre fracture), evident as compressive matrix damage (green), 
which occurred (at about 1.05 ms and later) in the upper plies near the edge of the 
flat-ended impactor. This is also shown experimentally in Fig.  10 (bottom and right). 
The flat-ended impactor generates a larger area of bending deformation and as a result 
more widespread matrix tensile damage. This leads to a stress concentration on the edge 
of the flat-ended impactor and the mixed tensile/compressive matrix damage (yellow) 
which occurs at 1.75 ms. Finally, the numerical FEA simulations reveal the round-nosed 

Fig. 11   The predicted matrix intralaminar damage under the round-nosed (top) and flat-ended (bottom) 
impactors at an energy level of 25 J. (Blue – no damage; red – matrix tensile damage; green - matrix com-
pressive damage and yellow - matrix mixed tensile/compressive damage.) The cross-section shown is across 
the transverse width of the specimen, i.e. along the middle line in Fig. 3b, and the deflection of the panel is 
shown along with the matrix intralaminar damage. The blue area is made up of the specimen cross-section 
(below the impactor) and a view of the top surface (looking back along the length of specimen) – there is a 
faint black line which delineates the top surface edge of the cross-section and follows a similar profile as the 
lower surface edge of the cross-section
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impactor would indeed be expected to induce more localised central matrix damage 
compared to the flat-ended impactor, as expected from studying the indentation profiles 
in Figs. 8 and 9.

To understand better how this intralaminar damage develops under the different 
shapes of impactor, Fig. 12 shows the magnitude of the maximum stress (tension, com-
pressive or shear) across the cross-sectional thickness, for a round-nosed impactor and 
for a flat-ended impactor, at an impact energy of 25 J. This maximum stress is shown as 
it relates most closely to onset of damage. The stress distribution is shown at 2.5 ms for 
the round-nosed impactor and at 1.4 ms for the flat ended impactor and these times are 
when appreciable damage occurs for the round-nosed and flat-ended impactors respec-
tively in Fig. 11. The impact of the round-nosed impactor on the upper surface of the 
composite leads to high tensile stresses on the lower surface directly below the centre 
of the round-nosed impactor. These tensile stresses result in the matrix tensile failure 
and associated fibre pull-out fracture, of the lower plies (see Fig. 10, top and left). The 
stress levels are lower in the central region under the flat-ended impactor but are appre-
ciable around the periphery of the flat-ended impactor, where compression exacerbated 
by shear, takes place leading to matrix compressive failure and fibre-kinking fracture 
(see Fig. 10, bottom and right).

Figure  13 shows the stress-strain behaviour near a failure point, during the impact 
event up to onset of failure, for a round-nosed and a flat-ended impactor, at an impact 
energy of 25 J. For the round-nosed impactor, the point chosen is on the lower surface 
directly beneath the centre of the round-nosed impactor (marked with a symbol + on 
Fig. 12). This tensile stress leads to matrix tensile failure followed by fibre full-out frac-
ture at the lower plies for the round-nosed impactor. For the flat-ended impactor, the 
point chosen is at the corner of the flat-ended impactor near the upper surface plies 
(marked with a symbol + on Fig. 12) and the compressive stress is shown which leads 
to compressive matrix failure followed by fibre-kinking fracture occurring in the upper 
plies. The maximum values of stress and strain are consistent with the materials proper-
ties in Table 2 as to be expected.

Figure 14 shows a comparison, after the impact event, of the indentation profile (or 
upper surface displacement curve) from WLI scanning (green line) and the modelling 
simulation (black line) from the extended FEA model, where the blue area is the upper-
most ply of the CFRP panel, for an impact energy of 25 J. It may be seen that the sim-
ulation generates, with reasonable accuracy, the residual indentation generated by the 
impact event. Further, it would appear that the indentation profiles are mainly produced 
by matrix damage and movement of the plies under and near the impact zone. Indeed, 
there is no material plasticity built into this extended FEA model and all the indentation 
damage can be attributed to these matrix damage processes.

Fig. 12   Magnitude of maximum stress (tension, compression or shear stress, in MPa) over the cross-section 
across the transverse width of the specimen, at 2.5 ms for the round-nosed impactor (left) and at 1.4 ms 
for the flat-ended impactor (right). This is for an impact energy of 25 J (The symbol + indicates local high 
points of stress where failure occurs). The times of 2.5 ms for the round-nosed impactor and 1.4 ms for the 
flat-ended impactor were chosen as these correspond to when appreciable damage occurs (see Fig. 11)



	 Applied Composite Materials

5 � Conclusions

The present research has focussed on an experimental and numerical study of the impact 
loading, at relatively high impact energies of 20 J and 25 J, of a CFRP laminate using 
either a round-nosed or a flat-ended shape impactor. A previous numerical 3-D FEA 
model has been extended to model the load-time and damage induced at these relatively 
high impact energies.

The main findings are:

•	 The round-nosed impactor is more likely to cause impact damage due to stress con-
centrations at the impact point and this initiates intralaminar and interlaminar, i.e. 
delamination, damage.

•	 The flat-ended impactor spreads the loading over its front circular face and this leads 
to a higher threshold of impact energy for significant damage of 25 J.

•	 The impactor geometry has significant effects on the intralaminar failure modes of 
the CFRP. For the round-nosed impactor, localised matrix tensile and compressive 
damage occurs under the impactor and drives delamination. At the rear surface of 
the panel, fibre pull-out can occur at these high impact energies.

Fig. 13   Stress-strain relationships near failure points (marked with a symbol + on Fig. 12) during the impact 
event for the round-nosed impactor (brown – tensile stress) and for the flat-ended impactor (blue – compres-
sive stress)
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•	 For the flat-ended impactor, matrix tensile failure tends to occur at the rear surface and 
bending drives delamination. On the front surface, around the periphery of the flat-
ended impactor, a fracture plane is created which includes a fibre kink-band and fibre 
fracture to occur at the relatively high impact energy of 25 J.

•	 Further, the indentation of the front, impacted, surface of the CFRP for the two 
types of impactors have different characteristic shapes. The round-nosed impactor 
induces a more localised but deep indentation of approximately 180 μm at 25 J. The 
indentation depth for the flat-ended impactor is only approximately 50 μm at 25 J. 
However, it has a far more distinct shape with a bulge of material in the area sur-
rounding the indentation.

•	 To model the different damage modes at these relatively high impact energies, a previ-
ous 3-D FEA progressive damage model has been extended to include the Hashin-Puck 
failure criterion for the initiation of intralaminar matrix damage. Since this failure cri-
terion was considered to be an appropriate criterion to capture the damage mode of the 
formation of a fracture plane with associated fibre-kinking and fibre fracture when the 
flat-ended impactor was used.

•	 The 3-D FEA, with Hashin-Puck damage modelling, captures well the differences in 
damage observed for the round-nosed and flat-ended impactors and clearly indentation 
plays a very significant part in determining the threshold for onset of damage and the 
shape of the damage observed.

Fig. 14   Comparison of the indentation profiles (upper surface displacement curve) from WLI scanning 
(green lines) and simulation of upper surface displacement (black line) caused by the round-nosed and flat-
ended impactors, where the blue area is the CFRP panel cross-section, for an impact energy of 25 J
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