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Abstract

Two different experimental techniques are employed to visualize the impact damage gen-
erated by a low-velocity impact on a carbon-fibre reinforced-polymer (CFRP) composite
laminate. At the relatively low impact-velocity of 1.69 m.s™!, and a corresponding impact
energy of 7.5 J, used in the present work the damage induced in the CFRP panel is barely
visible to the naked eye but the techniques of ultrasonic C-scan and X-ray computed
tomography (CT) can detect the damage that has occurred. This damage is mostly inter-
laminar damage, i.e. delaminations, between the plies due to a change in modulus from
one ply to the next in the laminate. This interlaminar damage is usually accompanied by
intralaminar damage, e.g. matrix cracking, in the ply itself. The type and extent of damage
detected from using these two techniques is discussed and the relative merits of these tech-
niques are compared. In general, the CT gave the better resolved picture of damage but the
lateral extent of the damage was underestimated relative to C-scan which was more sensi-
tive to very fine delamination cracks. In addition, a numerical approach, based on a finite-
element analysis model, is employed to predict the type, location and extent of damage
generated by the impact event and the modelling predictions are compared to the experi-
mental results.
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1 Introduction

Compared to more traditional metallic materials, carbon-fibre reinforced-polymer (CFRP)
composites possess excellent stiffness-to-weight and strength-to-weight ratios. Further, they
demonstrate very good environmental resistance and cyclic-fatigue properties. Therefore,
they are widely used in the latest generation of passenger aircraft for fuselage, wings, engine
cowls, ailerons and spoilers [1-3]. However, during manufacture and service, these structures
are vulnerable to damage caused by impact events, such as dropped tools, foreign object dam-
age and runway debris [2, 4-6]. In some cases, the impact damage can be extensive, in other
cases the damage can be what is termed ‘barely visible impact damage (BVID)’ [6].

The major damage mechanisms observed [e.g. 7-10] when a CFRP composite is
impacted at a relatively low-velocity (of up to about 5 m.s™!) are: (a) intralaminar damage
which typically involves plastic deformation of the matrix, matrix cracking, fibre debond-
ing and localised fibre failure and (b) interlaminar damage which typically involves the ini-
tiation and growth of delaminations between the layers, i.e. plies, that form the composite
laminate. These main damage mechanisms are illustrated in Fig. 1.

Ultrasonic C-scan imaging is one the most widespread Non-Destructive Testing (NDT)
techniques used to detect interlaminar delaminations, i.e. interlaminar cracking. The C-scan
equipment has a phased-array probe integrated with pulsars/receivers. The probe is also
equipped with an encoder to provide the position of the probe along the scan axis. Ultra-
sonic waves with frequencies ranging from 0.5 to 50 MHz are typically transmitted through
the composite to be tested and, upon encountering a delamination in the composite, the
waves are reflected back to the transducer. Ultrasonic C-scan inspection methods are very
good at detecting interlaminar cracks, if they are suitably oriented to reflect the ultrasound
[11]. However, whilst ultrasonic C-scan testing is sensitive to delaminations, it is typically
insensitive to the relatively small-scale intralaminar cracking damage [12].

X-ray computed tomography (CT) technique can provide perhaps the most informative
view of damage in 3-D NDT [12]. In contrast to ultrasonics, the resolution of the CT, which
can achieve micro or even sub-micron scales (hence, ‘micro-CT”), can provide detailed infor-
mation about the nature of the damage. For example, it has been used to distinguish and
quantify the evolution of matrix cracking, cracks in resin-rich areas and ply-by-ply delami-
nations [13, 14]. In most cases, the damage is categorised and visualised using automated
or semi-automated segmentation methods [15] to distinguish the different types of damage
in terms of the attenuation of the grey scales and morphology, but this is often difficult for
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Fig. 1 Different types of damage in a composite laminate subjected to an impact load [10]
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CFRP composites because of the contrast between the fibres, the matrix and the damage can
be low. Furthermore, the crack or delamination may be narrower than a voxel (i.e. a 3-D
pixel) meaning that it is not detected [16]. As a result, the true extent of the damage may be
underestimated by the segmentation process. The attenuation contrast can be enhanced by
exploiting phase contrast [17]. X-ray micro-CT can be difficult to apply except on relatively
small specimens because it is difficult to achieve high spatial resolution on large extended
panels [11, 12]. Nevertheless, it has been regularly applied to determine [18-20] the extent
and the complex layer-by-layer nature of the damage in CFRP arising from an impact load.
Owing to the high level of detail of damage, which the X-ray CT can provide, it is often used
as the ‘gold standard’ against which other cheaper and more accessible techniques, such as
ultrasonic inspection, are compared and refined. Another advantage of the X-ray CT tech-
nique is that the high level of 3-D detail provides an excellent means of setting up microstruc-
turally realistic, so-called image-based, models because it can be applied before, during and
after testing to validate constitutive models of damage initiation and propagation in compos-
ites [21, 22]. Given the ease of making, and the difficulty of interpreting, ultrasound meas-
urements of damage in polymer fibre-composites, it is perhaps surprising that relatively few
side-by-side comparisons of ultrasound and X-ray CT measurements have been made to date
[23], nor have models of the impact damage generally been validated in 3-D [24].

Thus, the strategy of the present paper is to use both the X-ray CT and ultrasonic C-scan
techniques to assess the impact damage in a CFRP composite laminate that has been sub-
jected to impact loading at a relatively low-velocity using a well-defined drop-weight test.
One aim is to determine the ability of the two techniques to reveal damage in the same
impacted CFRP test panel. Hence, a second aim is to identify the strengths and weak-
nesses of the two techniques. In addition, a third aim is to compare the experimental results
to those predicted using a novel 3-D, elastic—plastic, FEA-based computational damage
model that has recently been proposed [9].

2 Experimental Studies
2.1 Materials and Test Panels

The composite panels were made from unidirectional prepreg (MTC510-UD300-HS-
33%RW) supplied by SHD Composites Ltd, UK. This prepreg contains an epoxy matrix
(MTC510) and T700 carbon fibres at a fibre volume fraction of 60%. Flat panels were pre-
pared using an autoclave and cut using a cut-off saw according to ASTM D7136 [25]. The
prepreg was cured under a constant pressure of 6 bar with a 120 min dwell-time at 110 °C,
using a 2 °C per minute temperature ramp. The glass transition temperature of the cured
composite was 133 °C. The quasi-isotropic layup used for the panels was [45,/-45,/0,/90,],,
where the 0° plies were aligned with the longer edge of the panels, which had a size of
150 mm X 100 mm, with a thickness, ¢, of 4.58 mm. In the figures below, the X-direction is
defined as along the longer edge (i.e. 150 mm) and the Y-direction is defined as along the
transverse shorter edge (i.e. 100 mm) of the panels.

2.2 Impact Tests

The CFRP panels were subjected to a low-velocity impact load using an Instron 9340 drop-
weight tower supplied by CEAST, Italy, following the test method as described previously
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[9]. A Boeing approved impact test rig was employed where the panels were held in place
with four rubber clamps, one at each corner, over a fixture with a 125x75 mm? cut-out
window. A 16 mm diameter, stainless steel, round-nosed impactor, with an overall mass of
5.27 kg, was used to impact the panels with an impact energy of 7.5 J and a correspond-
ing impact velocity of 1.69 m.s™'. A catching system was used to prevent further impact
events from occurring after the initial impact. No software filtering was applied to the load
versus time data that was outputted and the accompanying software, provided by CEAST,
produced both the impact load and the associated displacement of the panel as a function
of time for the impact event. The displacement was determined by integration of the load
versus time trace assuming Newton’s second law. Duplicate experimental tests were under-
taken and there was good agreement from these replicate tests.

The load versus time and load versus displacement responses for the rectangular com-
posite panel, subject to the drop-weight impact test, are shown in Fig. 2. Relatively small
amplitude, sinusoidal oscillations can be seen on the rising part of the load versus time, and
the load versus displacement, experimental curves. These sinusoidal oscillations have pre-
viously been discussed in detail [9] and are indicative of mass-spring oscillations. On the
experimental load versus time curve (red dashed line), there is a distinct load drop at a load
of approximately 4.7 kN at a time of 1 ms, followed by oscillations indicative on the onset
of damage initiation. This is also apparent on the load versus displacement curve. A dupli-
cate test showed very similar behaviour. The predictions from the simulation numerical
modelling (black solid line), see [9] and as discussed below, also show these effects; albeit
the load at which damage initiation occurs in the model is somewhat lower. However, the
overall response of the experimental load versus time and load versus displacement curves
are very similar to those predicted from the modelling simulations. For example, for both
the experimental and modelling results, the maximum load achieved is approximately 5
kN, the duration of impact event is approximately 4.6 ms and the overall displacement is
approximately 2.5 mm.
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Fig.2 The experimental and predicted load versus time and load versus displacement curves for the
impacted CFRP panels. The red dashed line is a typical experimental test. A duplicate test showed similar
behaviour. The black solid line shows the simulation prediction for load versus time and load versus dis-
placement
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C-scan device
‘Prisma’

Specimen

Fig. 3 Photograph of the ultrasonic C-scan equipment

2.3 The Ultrasonic C-Scan Inspection Technique

The impacted CFRP panels were inspected using a Prisma portable ultrasonic C-scanner
supplied by Sonatest Ltd, UK, see Fig. 3, to detect any interlaminar damage that resulted
from the impact loading. This technique has been discussed in detail elsewhere [9]. Essen-
tially, a water spray is applied to the surface to act as a contact agent to ensure effective
transmission of the ultrasonic waves from the transducer probe through the composite,
using a scanning frequency of 5 MHz. These waves are reflected back to the transducer
upon interacting with any delamination damage in the panel, and the position and size
of the interlaminar damage can be determined from the total travel time and amplitude
received by the transducer, respectively. The C-scanning equipment gave images with a
scale from O to 4.58 mm, i.e. the thickness, t, of the panel. For this study, the reflection
from the rear face of the panel was selected to be black so that all reflections from delami-
nations are coloured dark red through to dark blue. The total damage area was then cal-
culated by counting the number of pixels that were not black in colour, since black corre-
sponded to a region of the laminate free from interlaminar damage.

2.4 The X-ray Computed Tomography (CT) Technique

The impacted specimen was scanned at the University of Manchester using the Henry
Moseley X-ray Imaging Facility’s custom Nikon 225 kV X-ray tomography system (‘High
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Flux Bay’). The specimen from the impacted CFRP panel was sandwiched between two
additional pieces of CFRP of the same type to help reduce scatter on the upper and lower
surfaces of the specimen. The system was equipped with a 225 kV static tungsten reflec-
tion target source with a minimum focal spot size of 3 um (at low wattage) and a Perki-
nElmer 4096 X 4096 pixels 16-bit amorphous silicon flat-panel detector. The X-rays were
generated using a voltage of 120 kV and a current of 88 pA (with power of 10.56 W).
Each radiograph (projection) was acquired with an exposure time of 1000 ms, a gain of
five, using binning of two, giving an effective detector size of 2048 x 2048 pixels, with an
effective pixel pitch of 200 um. The total number of projections was 3181, which was fixed
using an optimisation based on the Nyquist-Shannon sampling theorem. Eight frames were
taken per projection giving an approximate total scan time of 7 h per scan. The specimen
was scanned twice at two different resolutions, using the same X-ray and exposure settings,
giving two data sets with isotropic pixels sizes of 27 ym and 17 pm. The 3-D volumes were
reconstructed from the projection data at full resolution as 16-bit tiff stacks using Nikon’s
‘CT Pro 3-D software’, supplied by Nikon X-Tek Systems Ltd, UK. Orthogonal CT slices
from the tomogram are shown in Fig. 4 of the central disc containing the impact damage.
The software FIJI-ImageJ [26] was first used to reorientate the data from the arbitrary
angle at which the CT scanning was performed. This allowed orthogonal slices in the data
to align with the 0° and 90° plies. The software ‘Avizo 2020.2’, supplied by Thermofisher
Scientific, UK, was used for the rest of the image processing and data visualisation. The
primary data used for the analysis was the dataset with a pixel size of 17 um. The dataset at
27 pm pixel size was initially analysed with the procedure to be described below but it was

A colour map

—r———
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Fig.4 Orthogonal regions of interest (at the same scale) taken from the X-ray CT data X-Y (top) and X-Z
(bottom) slices: a prior to segmentation and b with the segmentation of the damage (rendered green) super-
imposed on the 17 um pixel size dataset. The red dashed lines show the location of the other orthogonal
slice. The yellow box region is referred to in Fig. 7. (The X-ray CT scan is performed on a central disc
taken from the rectangular specimen.)
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found that the lateral extent of the segmented damage was confined within the field of view
scanned by the 17 um dataset. When directly comparing the two datasets, it was evident
that many of the fine features had not been resolved in the 27 um dataset. Therefore, even if
the lateral extent of the damage region did extend beyond the 17 pm dataset, those features
would not have been resolved. (The issue of partial volume effects and limitations of the
segmentation of the CT data is highlighted again later in Section 3.4 and Fig. 7).

Segmentation of the crack surfaces was important to characterise and highlight the dam-
age in the composite laminate. This was undertaken with a semi-automated approach. The
low- and high-resolution datasets were aligned in the ‘Avizo 2020.2° software to give a full
overview of the specimen. The data was then trimmed to exclude the extra CFRP that the
specimen was sandwiched between. As well as, in the case of the 17 um dataset, to exclude
edge artifacts arising from performing an internal tomography scan and from uncorrected
beam-hardening artefacts. The data were thresholded based on a grey-scale attenuation
value into two regions: the fracture region and the rest of the composite. Manual adjust-
ment was made to include as much of the delaminations and other fractures as possible,
while ensuring that as little undamaged composite was accidentally captured in the analy-
sis. (This is a requirement due to the attenuation overlap between the lowest attenuating
composite and the finest fracture regions.) No image filters were applied to the data prior
to histogram segmentation. After thresholding the data, a ‘remove small spots’ function
was used in the X-Y direction (parallel to the delaminations). This was set to remove iso-
lated regions of segmentation data of 10 pixels, or less, in area. This pixel size was chosen
after iteratively testing other sizes until the majority of the segmented regions that were
removed were due to noise that was clearly located within the ply, and not at boundaries
or fractures. This segmented data has been overlaid as a ‘Colour Wash’ in several of the
figures in this paper including Figs. 4, 7 and 8. For 3-D rendering, the segmented data was
manually separated into layers either by highlighting the data slice-by-slice or by using the
‘3-D lasso tool’ in the software. The motivation behind the analysis method was to alter the
raw image data as little as possible so as to reduce information loss via feature blurring,
such as using median filtering, when removing data noise. Instead, noise was removed
from the resulting segmentation data, instead of segmenting data with removed noise.

2.5 Modelling Methodology

A 3-D, elastic—plastic (E-P), finite element analysis (FEA) numerical damage model has
been previously developed and verified [9, 27, 28] for predicting interlaminar, intralami-
nar and other damage processes, such as a permanent plastic indentation in the composite
panel caused by the impactor, when subjected to an impact load. Indeed, in the present
work, the model has already been shown to be able to predict quite accurately the overall
response of the experimental load versus time and load versus displacement curves, see
Fig. 2. Thus, next, its ability to predict the type, location and extent of the impact damage
introduced into the composite CFRP panel is assessed by comparing the simulation results
to the experimental results from the C-scan and X-ray CT techniques. The FEA model was
implemented in ‘Abaqus 2020’ (Dassault Systemes, France) and the overall flow chart is
shown in Fig. 5 for the main model and the E-P model, which was incorporated as a user-
defined material ("VUMAT’) sub-routine into the main FEA code. This flow-chart pro-
vides the sequence of the modelling steps and the relevant equation numbers, as previously
given and explained in [9]. The flow-chart in Fig. 5, together with reference [9], allows
the reader to follow the logical computational sequence of the numerical model: including
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loading. Input initial material properties.
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Fig.5 The implementation of the E-P, 3-D FEA numerical damage model showing schematically the over-
all flowchart for one computational time-step and a single integration point. Both the flowcharts for the
main model and for the elastic—plastic (E-P) user-defined sub-routine are shown. This FEA modelling simu-
lation of the impact event would be run typically over a timescale, #, of O to ca. 8 ms, with ca. 100 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 [9], where the equations are numbered as above.)

the novel E-P model, the failure criteria used and how crack initiation and propagation for
the intralaminar and interlaminar damage regions are defined and quantitatively modelled.
For the modelling studies the basic mechanical properties of the composite plies, includ-
ing strength, modulus, Poisson’s ratio and fracture toughness, etc., that are required for
the modelling simulation were obtained from the manufacturer’s data sheets and from the
literature [9, 27] and are given in Table 1.
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Table 1 The properties, as defined by the terminology given in [9], of a unidirectional CFRP ply used in the
FEA modelling studies [9, 27]

Property CFRP

Moduli (GPa) E\ = 115Ey = E33 =82
Gy =3.6,G;, =G;3=3.6

Poisson’s ratio Vo3 =034y, =v3 =034

Strength, S, values (MPa) Sy, = 2282;8,, = 83, =54

S\ = 1067;S,, = S5. =200
S =83=53=99

Intralaminar ply fracture energies (kJ/m?) Gl = 133:Gy | = 40
Grelpe = 04:G1 | e = 1.3:Gpe s = 1.3
Interlaminar ply fracture energies (kJ/m?) G,.=04,G,. =13
Benzeggagh—Kenane exponent n =145
Cohesive strengths (MPa) tg3 = 43.0;tg1 = 122 =50.0
Initial cohesive law stiffness (MPa/mm) k;=6.4x 10°
E-P model: coefficient,aqs, and material constants, A and n ags = 2.7T;A = 3.14x107*MPa™";
n=4.19

3 Results and Discussion
3.1 Introduction

The damage maps from the C-scan and X-ray computed tomography (CT) experimental
techniques, and from the numerical simulation predictions, for the delamination footprint,
with the associated damage area (labelled ‘DA’), are presented in Fig. 6. The rear surface
was selected to be black so that delaminations at different depths through the thickness of
the specimen would be more clearly visible. The 0° fibre direction is along the X-direction,
i.e. the longest edge of the rectangular 150X 100 mm specimen. The areal footprint of the
damage, i.e. the damage area (labelled ‘DA’), is given at the top left in each case and this

DA = 681 mm? DA =596 mm? DA =779 mm?

T
B

g
=)

»
o

'
EY

e
@

-
g I3
P 5

5

(a) (b) (c)

Fig.6 Typical damage maps in the X-Y plane from a the experimental ultrasonic C-scan inspection tech-
nique, b the experimental X-ray CT technique and ¢ the numerical modelling predictions. The impact was
on the top surface and the layers are colour-coded from the top (red) surface to the bottom (black) as indi-
cated by the damage depth colour bar
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Fig.7 Enlarged region taken from the edge of the damaged zone in the black and white CT slice in Fig. 4
(indicated by the yellow box) showing the tendency for the segmentation to underestimate the extent of the
delamination observed. The dashed-cyan outlined box shows the discontinuous segmentation at the delami-
nation front. Although a linear damage feature can be seen by eye, the change in attenuation and decrease
in contrast between the fracture and the background composite makes the feature extremely difficult to seg-
ment automatically

was determined by counting the number of pixels which had a colour that was not black for
the damage footprint as a whole as viewed from the top surface. (Delaminations overlap so
the total area of delamination between plies would be higher but the delamination footprint
is considered as a good indicator of the areal extent of damage.)

90°

X-ray CT slice

Section view in 0° fibre direction

Matrix damage

+1.000e+00
[ +9.000e-01
+0.0006+00

Simulation

Fig. 8 Intralaminar damage along the 0° fibre direction, comparing the results from the experimental X-ray
CT technique with those from the numerical modelling studies. (The text box shows that the value of the
damage parameter for intralaminar damage to be initiated in the modelling studies was taken to be equal to,
or greater, than 0.9 [9].)
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3.2 Damage Maps Obtained by Ultrasonic C-Scan Inspection

The C-scan damage map in Fig. 6(a) is based on ultrasonic wave reflection with a transducer
and detector on the upper surface. This process can detect very accurately any separation, i.e.
delamination, between the ply interfaces. However, the C-scan spatial resolution is about 1
pixel per mm? and this is evident in the pixelated nature of the C-scan image.

Now, the given damage area was determined for interlaminar damage, i.e. delaminations,
in the CFRP panel resulting from the impact event, as shown in Fig. 6. Delaminations initi-
ate and grow at interfaces where the fibre direction is different in the plies below and above
the interface. The propagation of the delamination is dominated by the fibre direction of the
ply furthest from the impact surface. Localised deformation drives the initiation of matrix
cracking and subsequent delamination. Due to the changes in stiffness across the interface
between composite plies in different directions, the interfacial shear stresses can drive the
crack growth mainly in Mode II (or shear loading) to form a larger delamination area. As
the composite specimen has a symmetric layup of [45,/-45,/0,/90,]; the interfaces at each
change of fibre orientation initiate delaminations which grow in the direction of the fibre on
the lower ply, and this gives the characteristic delamination rosette, seen in Fig. 6(a).

3.3 Damage Maps Obtained by X-ray Computed Tomography (CT)

It should be remembered that the physical process by which the delaminations are observed
in X-ray CT is fundamentally different from that in the C-scan ultrasonic technique. The lat-
ter technique is very sensitive to loss of contact as this provides a sharp change in acoustic
impedance and a strong reflection. As a result, the surfaces could be of the order of 1 pm
apart, or less, and an ultrasonic reflection would still occur. However, X-ray CT is based
on density and composition changes, as well as atomic number, which affect the attenua-
tion, within each pixel. Thus, X-ray CT only shows significant attenuation contrast when
the separation of the two surfaces is sufficiently far apart to change significantly the amount
of material, and hence the attenuation, within a pixel. The primary dataset pixel size in this
X-ray CT study, was 17 pm and at this resolution a very fine crack or delamination with a
separation less than a pixel is unlikely to be detected because of the low contrast between air
and the composite [16]. However, where the crack opening was greater than a pixel, e.g. in
the striations towards the boundary of the delamination, the separation between the laminae

S & BB
5 & ® & B

-

5

(a) (b)

Fig.9 Interlaminar damage in a 3D view, comparing the results from a the experimental X-ray CT tech-
nique and b the numerical modelling predictions. The impact was on the top surface and the layers are
colour-coded from the top (red) surface to the bottom (black) as indicated by the colour bar
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surfaces is sufficient for a delamination to be clearly visible. This is exacerbated by the auto-
mated segmentation process which is conservative in segmenting the cracks, often requiring
multiple pixel widths to be affected before assigning a crack, so as not to be too sensitive
to noise [15]. This tendency to underestimate the lateral extent of delamination is evident
in the enlarged region of interest taken from Fig. 4 and shown in Fig. 7. The results shown
in Fig. 6(a) and (b), as well as in Fig. 9(a) and (b) to be shown later, do indeed confirm the
above comments in that there is a tendency for the X-ray CT technique to underestimate the
lateral extent of the area of delamination compared to the C-scan technique. Interestingly,
this has been observed previously [18, 19, 29] but not discussed in detail.

Nevertheless, the orientation and relative size of the delaminations, at the respective
interfaces, of the composite laminate are very similar from both techniques, see Fig. 6(a)
and (b) which have similar colour coding to show the depth of the delamination through
the thickness of the composite specimen. In Fig. 6(b) the results from the X-ray CT scan
reveal that the striations and other features indicate very clearly that the delaminations are
growing in the direction of the plies beneath each ply interface. Figure 6(a) for the C-scan
image identifies the delaminations in the same locations through the depth of the com-
posite as the results from the X-ray CT scan and also confirms that the delaminations are
growing in the direction of the plies beneath each ply interface. Figure 6(a) for the C-scan
and Fig. 6(b) for the X-ray CT scan both show a similar characteristic rosette indicative of
the delaminations, observed at the ply interfaces, for the fibre layup of [45,/-45,/0,/90,],.
Thus, the overall shape and locations of the delaminations are very similar as determined
from both the X-ray CT and the ultrasonic C-scan inspection techniques. However, the
detail and resolution of the X-ray CT image are much sharper than for the C-scan image, as
would be expected.

Finally, one feature seen in the X-ray CT data that is not evident in the C-scan data, and
is apparent in the modelling simulation (see below), is the presence of distinct intralaminar
matrix cracking. This can be best seen in the cross-section in Fig. 4 (in the lower images),
Fig. 7 and the coloured X-ray CT slice in Fig. 8. Matrix cracking is expected to result from
the present impact tests and a detail to note is where the lateral extent of the delaminations
are abruptly terminated by linear features that are angled relative to the longitudinal fibre
direction in the adjacent ply. These linear features are intralaminar matrix fractures that
cross-cut the matrix at approximately 45° to the plane of the ply, as may be seen in the
cross-sections in Fig. 4 (in the lower images) and Fig. 8. This suggests a mechanism of
energy transfer down and laterally through the impacted specimen.

3.4 Damage Maps Obtained by Numerical Modelling

Figure 6(c) shows the results from the numerical modelling simulations for the delamina-
tion damage and a delamination rosette is predicted from these studies with all the features
observed from the experimental ultrasonic C-scan and X-ray CT techniques, see Fig. 6(a)
and (b) respectively. This is with delaminations occurring at the interfaces between plies and
growing in the fibre direction below the ply interface. The overall delamination damage area
(DA) appears to be slightly overestimated in Fig. 6(c) but when considering the complex-
ity of the damage processes involved, and the fact that all the main processes of the impact
event and damage are captured in the model without any fitting factors, it is considered that
the predictions are in very reasonable agreement with the experimental results.

Figure 8 shows an X-ray CT section with intralaminar matrix cracking clearly visible. This
is compared with the intralaminar matrix cracking as predicted by the numerical modelling
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Simulation - X-ray CT scan

(b)

Fig. 10 Interlaminar damage between blocking plies, comparing the results from a the numerical modelling
with those from b the experimental X-ray CT scan

studies and there is good agreement with respect to the extent and location of the intralaminar
matrix cracking. Again, it should be noted that the ultrasonic C-scan technique used is not able
to detect matrix cracking, so this is a clear advantage of the X-ray CT imaging technique.

Figure 9 compares the experimental X-ray CT data and the predictions from the numeri-
cal modelling studies from an isometric viewpoint and illustrates more clearly the orienta-
tion of the interlaminar delaminations through the thickness. As described above, stria-
tions that are visible in Figs. 6(b) and 9(a), occur where the separation of the delamination
is sufficient to give significant change in the attenuation within the measurement voxel.
These striations follow the fibre direction in the lower layer. The overall shape and loca-
tions of the delaminations are very similar as determined from both the experimental X-ray
CT technique (Fig. 9(a)) and the numerical modelling predictions (Fig. 9(b)).

Figure 10 shows the damage numerically predicted and experimentally recorded
for the X-ray CT scan for delamination at each of the interfaces between differently ori-
ented plies through the thickness of the composite panel for the present CFRP layup of
45,,-45,,0,,90,,90,,0,,45,,45,. The numerical prediction, in Fig. 10(a), shows that delami-
nations tend to grow in the fibre direction that is present below the interface. For compari-
son, the experimental X-ray CT scan delamination map is shown in Fig. 10(b) and there is
good agreement with the simulation results with respect to the shape and location of such
interlaminar damage, although again the experimental X-ray CT technique does appear to
underestimate the areal extent of the delaminations.

4 Conclusions

Low-velocity impact damage in composite laminates is typically barely visible to the
naked eye. However, the techniques of ultrasonic C-scan and X-ray computed tomography
(CT) can detect sub-surface impact damage in composite laminates. Both interlaminar and
intralaminar damage can occur in laminates. This is with interlaminar damage taking the
form of delaminations between the plies and intralaminar damage, e.g. matrix cracking,
occurring in the matrix of the ply itself. The ultrasonic C-scan method is very effective at
revealing delaminations between plies, as these are usually perpendicular to the direction
of travel of the ultrasound. However, ultrasound does not very readily detect intralaminar
matrix cracking in the composite. The pixel size in the ultrasound C-scan technique is quite
coarse at about 1 mm and so the sub-surface damage footprint of the delaminations often
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appears pixelated but these delaminations can be colour-coded to show their depth through
the laminate panel.

The X-ray computed tomography (CT) technique provides much finer detail of the sub-
surface impact damage within a composite laminate, particularly when a voxel or pixel size of
17 pm is employed. However, even at this fine pixel size, owing to the nature of the attenuation
being a function of atomic number and material density, it is still possible for a very fine crack
or delamination, of the order of 1 pm separation, to be missed. When the crack opening was
greater than a 17 pm pixel size, e.g. in the striations towards the boundary of the delamination,
the separation between the composite ply surfaces is sufficient for a delamination to be clearly
visible. The X-ray CT scans can also be colour-coded to show the depth of delaminations. The
X-ray computed tomography (CT) technique is particularly good at revealing matrix cracking,
i.e. intralaminar damage. Matrix cracks often connect delaminations, at neighbouring interfaces,
by cutting across the matrix at approximately 45° to the specimen surface. This is thought to
be due to a mechanism of energy transfer down and laterally through the specimen. Methods
to improve feature detection and segmentation can be approached either via alternative imag-
ing, or advanced segmentation, methods. In the case of segmentation, one approach could be
utilising the development of machine learning algorithms such as Trainable Weka Segmentation
[30] and software packages such as IPDSK (Reactiv’IP, Grenoble) [31] and DragonFly (Comet,
Montréal) [32]. These software could provide a semi-automated approach to segmentation. This
would be more appropriate for larger datasets with multiple samples to justify the initial time
investment to create the training datasets. Regarding providing alternative imaging methods, one
option could be to employ Phase-contrast Imaging [33, 34] to enhance the boundaries between
materials (in this case, polymer and air). However, for this study, the samples were not suitable
for this imaging method with the equipment available. Future studies would need to plan using
this method of imaging at the sample preparation stage.

The numerical 3-D finite-element analysis (FEA) model, with an elastic—plastic (E-P)
user-defined sub-routine, predicts all the effects observed in the X-ray computed tomogra-
phy and ultrasonic C-scan techniques. The FEA model can predict the position and orien-
tation of interlaminar delaminations in detail through the thickness of the laminate and it
can also show where there is expected to be intralaminar matrix cracking. The predictions
agreed very well with the experimental observations from the ultrasonic C-scan and X-ray
computed tomography (CT) techniques.

The main conclusions to be drawn are:

e The ultrasonic C-scan method is very effective at revealing delamination between plies, after
impact on composite laminates. However, the image is pixelated with pixel size of 1 mm.

e The X-ray computed tomography (CT) technique is particularly good at revealing
matrix cracking, i.e. intralaminar damage and in general much more detail is obtained,
with a pixel size down to 17 pm.

e Methods to improve feature detection and segmentation for X-ray CT are possible in
the future, using machine learning and other techniques.

e A numerical 3-D finite-element analysis (FEA) model, with an elastic—plastic (E-P)
user-defined sub-routine, can predict delamination and matrix cracking in composite
laminates after impact.
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