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Abstract. Composite materials and especially Carbon Fibre Reinforced Polymers 
(CFRPs) are progressively more used in the construction of aircraft primary 
structural components. However, as most types of composites, they exhibit different 
problems. First, they are susceptible, during fabrication, to formation of defects and 
inclusion of spurious particles which may affect their performance in service. 
Besides even in the absence of defects, a major weakness is their vulnerability to 
low velocity/energy impact; in particular, important damage may arise inside the 
material thickness without any perception on the impacted side.  

This latter demands for effective techniques, which must be capable to 
recognize if a part includes hidden impact damage. However, to prevent and avoid 
failure under impact, it is not only important to be able to discover the hidden 
damage in its incipient stage, but it is equally, or mostly, important to know how the 
material reacts to impact and what are the impact damage mechanisms.  

In this context, infrared thermography (IRT) offers a valid help. In fact, 
IRT has proved capability to monitor an impact event, in particular, to visualize 
thermal signatures, caused by local dissipation of impact energy, which allows 
gaining information about the material response to impact.  

In the present work, we use infrared thermography for both monitoring of 
the impact event and for non-destructive evaluation of impacted laminates. Results 
are also compared with those obtained with a phased array ultrasonic system. While 
a general agreement is found between results obtained with either lock-in 
thermography (LT), or phased array ultrasonic (PAUT), LT displays more benefits 
for fast primary evaluation, while PAUT appears better to inspect thick parts. In 
addition, thanks to its remote imaging deployment, IRT represents a unique solution 
to follow online under impact the material damaging ways and has to be preferred 
when the investigation is driven by design purposes.   
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Introduction  

Carbon is amongst the mostly used reinforcement for manufacturing of aircraft structural 
composites [1]. Such a reinforcement may be found, arranged in different shapes as 
unidirectional fibres, woven fabric, or nano-particles, mainly embedded in a thermosetting 
epoxy resin matrix. This material is generally indicated with the acronym CFRP (i.e., 
carbon fibre reinforced polymer), or CFRPs to refer to a class of materials. In fact, many 
types of CFRP can be obtained by simply changing the stacking sequence. However, once a 
new material is created, it is necessary to assess its behaviour under fatigue cycling and 
especially its response to an impact event. In fact, a critical aspect for almost all composites 
is their impact damaging, which happens through complex mechanisms that are still not 
completely understood.  

Mostly crucial is the impact at low speed/energy [2] which can produce no visible 
signs, or barely visible damage, on the impacted side, while the component may have been 
internally seriously damaged. Often, the performance of a material under impact is assessed 
through specific impact tests, which are intended to identify the energy that causes a 
delamination of a given extension. More specifically, such tests consist of impacting the 
laminate at a given energy, evaluate it in non-destructive way to appraise the extension of 
the induced damage and go on to successive tests with increasing impact energy until the 
preset delamination has been reached. Of course, this procedure is time consuming and, 
sometimes, not very accurate depending on the surface under exam and on the employed 
instrument. In fact, despite the many non-destructive testing techniques today available, 
there is no certainty of having detected the actual extent of delamination. This mainly 
because, in presence of thin delamination, once the impactor moved away, the two surfaces 
tend to adhere tightly at the interface, so reducing the gap below the minimum resolvable 
one by most of the available non-destructive techniques. 

One way to understand more about impact damaging of composites is through 
online monitoring with an infrared imaging device. It has already been demonstrated the 
usefulness of monitoring the impact event with an infrared camera [3]; in particular, it has 
been shown that it is possible to recognize, from the temperature signatures in glass/epoxy 
composites, the type of damage being cracks in the matrix, breakage of fibres and/or 
delamination as well as to assess the influence of manufacturing defects [4]. It has also 
been demonstrated as the thermal signatures, visualized over carbon/epoxy, with the 
infrared camera during an impact event, may be useful for fixing the phenomenology about 
the boundary between sound and damaged material which may be detected during non-
destructive examination with either ultrasonic phased array, or lock-in thermography [5]. 
Indeed, the research group at the University of Naples Federico II has been working for 
several years, starting with feasibility tests and proceeding with more dedicated tests on 
specific materials, involving change of a few key parameters.   

Nevertheless, the investigation cannot be considered as exhaustive, but rather at 
early stage because of the many factors involved such as the type of material, the fixture, 
the clamping force, the impact machine, the imaging device and frame rate, and so on. 
Considering that it is sufficient the change of orientation of a fibre to generate a new 
material, it is clear that a complete assessment of the impact damaging of composites is a 
very difficult task. However, any test repeated on the same, or on a new material, or by 
changing any of the key parameters, may help to add a pinch of knowledge. 

The attention of the present paper is focused on the impact at low velocity/energy of 
carbon/epoxy specimens of different stacking sequence and thickness. Impact tests are 
carried out with a modified Charpy pendulum with every impact event monitored with an 
infrared imaging device. The impacted specimens are also non-destructively evaluated with 
lock-in thermography and ultrasonic phased array.  
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1. Materials and Testing Procedures 

1.1 Description of Specimens  

Three CFRP panels, named: P1, P2 and P3, are considered which involve carbon fibres 
arranged in different ways and differently oriented. The P1 and P2 panels are both 
composed of woven fabric layers embedded in epoxy resin, the only difference being the 
number of plies to have a different thickness that is 1.5 mm for the P1 and 3 mm for the P2. 
The P3 panel has a more complex architecture, including Non-Crimp Fabrics (NCF), 
Multiaxial Reinforcements (MR) and 5 Harness Satin Weave (HSW), with a total thickness 
of 7.8 mm. All the panels are quite wide allowing for more than one impact; of course, each 
impact is performed in a different zone. Therefore, the three specimens offer the possibility 
to investigate the impact damaging mechanisms with varying the fibres architecture and 
laminate thickness and the impact energy as well.  

1.2 Impact Tests  

Impact tests are carried out with a modified Charpy pendulum, which, as shown in Fig. 1, 
allows enough room for positioning of the infrared camera to view the rear specimen 
surface (i.e., opposite to that struck by the hammer) [3]. Specimens are placed inside a 
special fixture which includes two large plates, each having a window 12.5 cm x 7.5 cm to 
allow for the contact with the hammer from one side and optical view (by the infrared 
camera) from the other one. The hammer has a hemispherical shaped tip, 12.7 mm in 
diameter. Different values of the impact energy E are chosen, depending on the specimen 
thickness, in the range 2.8 - 60 J; the impact energy is set by suitably adjusting the falling 
height of the Charpy arm. 

The used infrared camera is the SC6800 (Flir systems), which is equipped with a 
Indium Antimonide (InSb) MW detector, working in the 3-5 μm infrared band, spatial 
resolution 640x512 pixels full frame, frame rate 565 Hz full frame and higher with a 
windowing option; in fact, images are acquired at a frame rate of 960 Hz. Sequences of 
thermal images are acquired during the impact event, or better, to allow for a complete 
visualization of thermal effects evolution with respect to the ambient temperature, the 
acquisition starts few seconds before starting of the impact and lasts for some time after. 

 

 
Fig. 1.  Setup for impact tests with the modified Charpy pendulum 

1.3 Non-Destructive Evaluation  

Non-destructive evaluation is performed with lock-in thermography (IRLT) and a phased 
array system (PAUT). 
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1.3.1 Lock-in Thermography  

The test setup for IRLT includes the specimen, the infrared camera and two halogen lamps 
(1 kW each) for thermal stimulation of the specimen [3]. In this case, the SC6000 camera 
(Flir systems) is used, which is equipped with a QWIP detector, working in the 8-9 µm 
infrared band, NEDT<35mK, spatial resolution 640x512 pixels full frame with the pixel 
size 25 µm x 25 µm and with a windowing option linked to frequency frame rate and 
temperature range. For the purpose, the system is equipped with a Lock-in module that 
drives the halogen lamps to generate a sinusoidal thermal wave of selectable frequency f 
and the IRLock-In© software. Lock-in thermography is a well known technique and more 
details can be found elsewhere. Herein, for convenience, the basic relationship, which links 
the thermal diffusion length  to the heating frequency f and to the mean material thermal 
diffusivity coefficient , is reported 

               (1) 

The depth range for the amplitude image is given by , while the maximum depth p, which 
can be reached for the phase image, corresponds to 1.8 . 

 
1.3.2 Phased Array Ultrasonic Testing  

The PAUT is a well known and commonly used method, and so, only some basic concepts 
are herein recalled; for more details the reader is referred elsewhere. Tests are performed 
with the OmniScan SX flaw detector (Olympus) with a 16:64PR phased array unit, 
equipped with a conventional UT channel for pulse-echo (PE), pitch-catch or time-of-flight 
diffraction (TOFD) inspections. Phased array elements are pulsed in such a way to allow  
multiple beam components to combine with each other and form a single wave front 
travelling in the desired direction. Similarly, the receiver merges the signals coming from 
multiple elements into a single representation.   

In the present work, tests are carried out using an encoded 5 MHz, 64 elements 
linear array probe with a straight wedge and by using a specific gel as coupling medium 
[5]. No specific calibration blocks are used, the instrument calibration being obtained by 
the ultrasonic wave propagation velocity measurement through the test article thickness; it 
is worth noting that it is difficult to fabricate reference blocks reproducing the CFRP 
specimens. Results are presented as C-scan images with top, or planar, view of the test 
piece. The probe is typically moved physically along one axis while the beam electronically 
scans along the other one, according to the focal law sequence. Signal amplitude or depth 
data are collected within gated regions of interest and plotted with each focal law 
progression, using the programmed beam aperture. 

2. Data Analysis  

Three types of results coming out from: online monitoring, LT and PAUT are presented in 
terms of thermal (∆T) images, phase images, C-scan and S-scan images. They are first 
separately analysed and later compared.  

2.1 Online Monitoring   

During an impact event, the infrared camera views the panel backside and visualizes 
thermal signatures deriving from thermo-elastic/plastic phenomena induced by the impact 
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energy. The recorded sequences of images undergo post-processing by using the Flir 
ResearchIR software (available from the Flir systems package) and specific routines 
developed in the Matlab environment. As a primary step, a sequence of ∆T images is 
created by subtracting the temperature for unloaded conditions (ambient temperature before 
starting of the impact) to every image of the sequence recorded during the impact event. 
More specifically, ∆T is obtained from the relationship: 

                                   (2) 

i and j representing lines and columns of the surface temperature array and t being the time 
instant at which each image is recorded.  

Some ∆T images of the three specimens are reported in the following Figs. 2, 3 and 
4. It is worth noting that, before impact, ∆T attains an almost uniform zero value 
independent on the testing specimen and so it is reported only in Fig. 2a as example. For all 
specimens, a dark (cool) zone appears soon at the impact and is followed later by the 
appearance of some light (hot) spots/areas. It is worth remembering that dark tones mean 
cooling down linked to thermo-elastic effects, while light tones mean heating up linked to 
thermo-plastic effects [3-5]. On the whole, the hot structures develop mainly along the 
fibres directions. However, the evolution of dark/hot zones displays some differences, 
depending mainly on the specimen thickness and on the impact energy. 
 

 
Fig. 2. Some ∆T images of the P2 specimen, impacted at E = 24 J 

 
Fig. 3. Some ∆T images of the P1 specimen, impacted at E = 2.8 J 

 
Fig. 4. Some ∆T images of the P3 specimen, impacted at E = 60 J 

a) t = 0 s b) t = 0.0010 s c) t = 0.0021 s d) t = 0.0031 s e) t = 0.0052 s f) t = 0.0083 s

g) t = 0.0125 s h) t = 0.0156 s i) t = 0.0385 s j) t = 0.1031 s k) t = 0.2354 s l) t = 0.5062 s

a) t = 0.0042 s b) t = 0.0052 s c) t = 0.0062 s d) t = 0.0073 s e) t = 0.0104 s f) t = 0.0198 s

a) t = 0.0052 s b) t = 0.0063 s c) t = 0.0073 s d) t = 0.0146 s e) t = 0.1093 s f) t = 0.6145 s
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Looking at Fig. 2, which refers to the specimen P2, it is possible to discern a hot 
signature, in the form of a vertical slender stripe at t = 0.0021 s (the location is indicated by 
the arrow in Fig. 2c). At this stage, only one filament of the central warp fibres bundle 
appears hotter, which can be regarded as the beginning of dissipation of the impact energy 
[3-5]. As it can be seen in the successive figures, the heating up extends towards a wider 
area with increasing time and circumscribes the entire zone interested by impact damage. 
Going to Fig. 3, the first thing that catches eyes, in comparison to Fig. 2, is the wider cold 
zone; this because the specimen P1, being thinner, undertakes larger deformations. Again, 
the appearance of a hot vertical slender stripe bears witness for dissipation of impact energy 
(Fig. 3b), but this happens later (t = 0.0052 s). From Fig. 4, it is possible to see that the 
overall area, which is affected by temperature variations, takes a circular shape with inside 
hot stripes highlighting the fibres texture of the P3 composite panel.  

By comparing Figs. 2, 3 and 4 it is possible to note that the evolution of the hot 
zone displays some differences for the three cases. To better show the evolution of cold and 
hot spots/areas, time plots of minima and of maxima ∆T values are reported in Fig. 5. In 
particular, the scale along y is optimized to better show minima ∆T values (∆TMin) and then 
the maximum ∆T (∆TMax) plot relative to P1 and P2 specimens appears truncated. In reality, 
∆TMax is about 20 K and 25 K, respectively for P1 and P2 specimens, in contrast to the low 
value (below 2 K) attained by the P3 specimen. As stated in previous works [3-5], an abrupt 
rise of temperature is a symptom of fibres breakage, while small variations of temperature 
may indicate mainly cracks in the matrix and/or delaminations. In addition, the delay in the 
starting to rise of ∆TMax indicates that the damage in the P3 specimen is located more in 
depth. At last, it can be observed a greater duration of ∆TMinx for the P1 specimen which, 
being thinner, can undertake larger deformations.   

 

 
Fig. 5. Time plot of minima and maxima ∆T values of the three specimens impacted at different energies  

2.2 Evaluation with Lock-in Thermography   

Some phase images taken at different f values from the impacted side of the P2 specimen 
are shown in Fig. 6. In particular, it is possible to follow the evolution of the damage 
through the thickness. For f = 0.88 Hz (Fig. 6a), two darker spots surrounded by a lighter 
zone appear and grow to the darker stain that can be recognized for f = 0.02 Hz (Fig. 6d). 
The largest damage is achieved in depth close to the rear side meaning that the structure can 
be assumed as thin and the damage being described with the reversed pine tree pattern [6]. 
The phase images taken from the rear side (i.e., that viewed by the infrared camera during 
impact) of the three specimens are shown in Fig. 7; these images are showing the largest 
stain for each specimen. By comparing Fig. 7 to Fig. 2-4, it is possible to see a perfect 
analogy between phase and ∆T images. In fact, the dark stain of Fig. 7a well matches the 

P3, 60 J

P2, 24 J P1, 2.8 J
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warm area of Fig. 3f after a relative rotation by 90° clockwise. In addition, the dark stain of 
Fig. 7b resembles the hot J-like structure of Figs. 2 h-j and, taking into account the abrupt 
rise of temperature to 25 K (see also Fig. 5), let to deduce that breakage of fibres occurred. 
In the meantime the lighter alone of Fig. 7b and corresponds to the lighter corona that 
surrounds the hottest area of Figs. 2k-l and accounts for delamination. At last, the phase 
image of Fig. 7c, which attains a better contrast by reducing f (Fig. 7d) is representative of 
the warm area of Figs. 4e-f. On the whole, the damage extends mainly along the fibres 
direction and the stain visualized by phase images matches the warmest area of ∆T images 
(i.e., the most important damage). It is worth noting that discriminating light delamination 
with LT is difficult. In fact, since delamination propagates between fibres and matrix in a 
rather tortuous way, the variation of the phase angle may get confused with the background 
[7]; this problem becomes more important with increasing the thickness.   

 

 
Fig. 6. Some phase images of the P2 specimen, taken from the impacted side 

 
Fig. 7. Some phase images taken from the rear side  

2.3 Evaluation with Phased Array Ultrasonic   

C-scan and S-scan images of the three specimens are shown in Fig. 8.  
 

 
Fig. 8. A comparison of C-scan and S-scan images, taken on the impacted side, of the three specimens 

Starting from Fig. 8a it is possible to see that no indentation is visualized on the 
specimen P1, but mostly damage on the bottom side. The first observation is in general 

a) f = 0.88 Hz b) f = 0.26 Hz c) f = 0.10 Hz d) f = 0.02 Hz

a) f = 0.26 Hz b) f = 0.88 Hz c) f = 0.26 Hz d) f = 0.03 Hz

P2,  E = 24 J P3,  E = 60 JP1,  E = 2.8 J

C-scan C-scan C-scan

S-scan
S-scan

S-scan
a) P1, 2.8 J b) P2, 24 J c) P3, 60 J
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agreement with the large deformations undertaken by the panel (Fig. 3), also accounted for 
by the ∆TMin duration (Fig. 5); the second observation is a consequence of the abrupt rise of 
∆TMax to 20 K. Going to Fig. 8b, the S-scan indicates clearly the presence of indentation, 
while both C-scan and S-scan show damage at the bottom and delamination through the 
layers. These outcomes confirm what already visualized through online monitoring (Figs. 2, 
5) and LT inspection. In particular, the blue structure in the C-scan image may be assumed 
as representative of the warmer zone of Fig. 2k. Conversely, a direct comparison between 
C-scan and phase images is difficult since the C-scan supplies a total view of the damage 
while phase images are more selective in depth.  

At last, the C-scan image of Fig. 8c appears more colourful, with respect to the 
other two, meaning that some damage occurred through the thickness. This is verified by 
the S-scan that indicates some damage located at about 2.4 mm from the bottom. On the 
other hand, the inspection with lock-in thermography intercepted the maximum extension 
of damage for f = 0.26 Hz (Fig. 7c), which applying Eq. (1) and considering an average 
value of  = 0.03 cm2/s in a sound zone gives a value of 3.4 mm. However, this value is 
overestimated since it has to be taken into account the decrease of thermal diffusivity 
induced by the impact damage. In addition, no clear presence of indentation can be seen 
from the S-scan apart from some shallow damage at the impacted side. By comparing C-
scan and ∆T images, it is possible to find some similarities between the two blue zones of 
Fig. 8c and the two hottest lobes of Fig. 4f.  

3. Conclusions 

Three testing methods: online monitoring, lock-in thermography and phased array 
ultrasounds have been used to get information on the impact damaging of CFRP panels of 
different manufacturing architecture and thickness. From the obtained results it is shown 
that by following the heating path depicted by ∆T images it is possible to get information 
useful for understanding the material impact damaging mechanisms. In particular, the 
evolution of ∆TMax values, starting from the initial deviation from ∆T = 0, allows to identify 
the origination of the damage and its extension already during the impact event. In addition, 
the duration of the cooling stage supplies information on the material weaving under 
impact. These outcomes are a witness of the advantages offered by an infrared imaging 
device for fast assessment of the performance under impact of composite materials for 
design purposes.  
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