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Abstract. With increasing use of carbon fibre reinforced polymers (CFRP) in civil 
aviation, the need for nondestructive testing (NDT) techniques capable, of large area 
inspections in short time, has gained significance. In the following work CFRP la-
minates were inspected using various NDT methods. The main aim was to validate 
thermography with optical and ultrasonic excitation sources for the inspection of 
typical damages in composite aircraft structures. Thermography is especially sensi-
tive to the nature of defects. Therefore a systematic approach was chosen to investi-
gate real impact damage. The laminate was built up in a way that resulting delami-
nations from the impact damage only occurred in a desired depth. Results from these 
experiments were compared to typical artificial defects such as blind holes. Addi-
tionally, the size and defect depth obtained from the thermography images were 
compared with ultrasonic c-scan and radiography, as these represent widely ac-
cepted NDT-procedures in aerospace industry. Microscopic images of the polished 
cuts through the impact damaged areas were investigated after NDT to grasp the full 
extent of the damage made. Significant differences between the artificial defects and 
the impact damages were observed, where blind holes could be detected deeper into 
the material than the impact damages. This suggests that studies for detection limits 
with thermography should be conducted with great care and knowledge about the ef-
fect of various damage types on the detection system.  

1. Introduction 

Fiber reinforced polymers such as carbon and glass fiber reinforced polymers (CFRP, 
GFRP) have been applied in civil aviation for several decades. Most of the applications, 
however, are smaller parts which can be dismantled during regular checks and inspected in 
a workshop. With the introduction of aircraft CFRP fuselage and wing sections a shop 
inspection is not any more possible at an economically and practically acceptable level. As 
a result, nondestructive testing (NDT) during inspection has to be carried out directly at the 
aircraft. Requirements in general are: large area inspection tools capable of detecting dam-
age on the various geometries and structures of an aircraft. Amongst others, active thermo-
graphy fulfils these needs at fast inspection rates and without contact [1].  

One of the most critical types of damages to be detected in aircraft structures is damage 
introduced by impact. The origin of these impacts spans from runway debris over dropped 
tools while on maintenance to bird strikes during flight [2, 3]. The effect of impact damage 
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on material properties has been investigated extensively and many topic overviews are 
available [4].  

Active thermography has been studied broadly as well and various excitation sources 
and evaluation methods have been developed and matched. Excitation by e.g. flash lights, 
spotlights, ultrasonic waves or eddy current have been developed, tested and compared  
[5, 6]. Processing routines such as lock-in and pulse phase thermography or dynamic ther-
mal tomography and thermal signal reconstruction have been investigated and compared [7, 
6]. These studies are usually carried out with two kinds of specimens. The first kind is 
composed by artificial defects such as PTFE foil between the plies [8–10] or blind holes 
[6]. The second one involves experiments carried out on real parts or test specimens with 
damages resulting from operation such as impact damage [5] or delamination during manu-
facturing [10]. Both of these used specimens present practical disadvantages. On the one 
hand, parts damaged in operation do not allow a systematic investigation, since the damage 
does not develop at various depths and sizes. Artificial defects, on the other hand, allow a 
systematic investigation of the defect size and depth, but suffer from the fact that they do 
not possess the same thermal properties as real damages. Therefore, the results obtained 
from such measurements may differ significantly from realistic damages. Hence, the au-
thors have developed a method that allows a systematic investigation of damages, which 
are produced in such a way that they are comparable to realistic impact damages. This 
method was compared with typical artificial defects to underline its importance. Additional-
ly, the detection limit of active thermography was investigated. The results are evaluated 
using ultrasound and radiography as reference. 

2. Theory 

2.1. Impact Damage 

Impact results in a variety of defects such as matrix cracks, fiber failure and delaminations. 
The critical influence on mechanical properties results mainly from delaminations reducing 
particularly compressive properties [2, 4]. The formation of the delaminations occurs at the 
interface between two adjacent plies. This is induced by tensile stresses caused by the 
bending of the specimen. Tensile stresses and delamination size increase as the deepness 
from the impact site increases. In other words, the delaminations grow the closer they get to 
the back side. If however, two plies have the same orientation no delamination will be 

 
Fig. 1: Expected delamination size of two exemplary layups. Arrows indicate where delaminations are 

expected in the laminate, the arrow size indicates the expected delamination size. One layup (a) has an extra 
90° ply on top to oppose deformation due to thermal stresses, the other one (b) only contains one 90° ply in 

the depth of desired delamination. 
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introduced [4]. With this in mind, a probe can be produced in such a way, that impact on it 
will result in delamination only at a desired depth. This is done by simply altering the ply 
orientation at this specific depth. 

Thermal stresses leading to bending of the specimen were taken into account. Curva-
ture resulting from the cooling down of the specimens after the autoclave process was 
calculated with COMPOSITOR, an Excel-based tool developed at IKV, RWTH Aachen. 
As a result of these calculations, a further ply was introduced as top layer of some lami-
nates to oppose bending of the specimen. Since tensile stresses in the top layer are either 
negligible or not present, the resulting delamination is expected to be much smaller than the 
lower one and therefore does not influence the results. Two exemplary layups are shown in 
Fig. 1. Laminate (a) has an additional 90° ply to oppose the aforementioned deformation, 
whereas the other laminate (b) only contains one 90° ply in the depth where the delamina-
tion is intended. The arrows indicate between which adjacent plies delaminations are ex-
pected. The size of the arrows qualitatively indicates the expected delamination size.  

2.2. Non-destructive testing 

In this work active thermography with optical and ultrasonic excitation, ultrasonic c-scans 
and volume scans and radiography were used. Ultrasonic c-scans are usually employed to 
determine the delamination size, since all delaminations at the various interfaces in the 
material are projected to one single plane [4] and will be used in this work as reference 
technique. Active thermography yields the same form of results, i.e. the defect is projected 
to a single plane, but takes advantage of a different underlying physical principle. 

There are two mainly used active thermography evaluation techniques: lock-in and 
pulse-phase thermography. In lock-in thermography a single frequency modulated excita-
tion source is used. By means of calculation of the phase differences obtained on the sur-
face, lock-in thermography effectively removes the effects of inhomogeneous illumination, 
local variations of optical absorption or thermal emission coefficient. Since a large thermal 
energy is introduced into the material, great temperature contrast can be obtained at the 
investigated frequency. However, it suffers from the fact that only a specific depth can be 
analyzed [11]. This is seen from the definition of the thermal penetration depth 

2 ,= αμ
ω

 

where α is the thermal diffusivity and ω = 2πf  the angular excitation frequency used for the 
source. Pulse phase thermography exploits the advantages of lock-in thermography at 
several excitation frequencies. After a pulse excitation the transient temperature signal is 
recorded and transformed to the frequency domain using Fourier transformation. This 
allows obtaining the phase exhibited in the whole analyzed frequency band, giving insight 
into various depths in the material [5]. This effectively reduces the required measurement 
time, but also decreases the amount of thermal energy introduced at the investigated fre-
quencies (contrast is reduced).   

3. Experimental Procedure 

3.1. Specimen preparation 

For this study, various specimens were produced containing artificial defects or delamina-
tions at a desired depth. All specimens were made from Cycom 985-1 prepreg, except for 
the blind hole specimen which was made from HexPly 6376 prepreg. Curing was con-
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Fig. 2: Geometry of plates with PTFE inserts and blind holes in mm 

Table 1: Denomination, layup, thickness and expected delamination depth of the impacted specimens 

Label Layup Nominal Thickness 
[mm] 

Depth from top  
[mm] 

Depth from backside 
[mm] 

P1 [04, 906, 06] 2,112 0,528 1,32 0,792 - 
P2 [902, 010, 902, 02] 2,112 1,584 1,848 0,264 0,528 
P3 [902, 012, 902] 2,112 1,848 - 0,264 - 
P4 [08, 902, 06] 2,112 1,056 1,32 0,792 1,056 
P5 [902, 018, 902, 010] 4,224 2,64 2,904 1,32 1,584 
P6 [902, 022, 902, 06] 4,224 3,168 3,432 0,792 1,056 
P7 [902, 026, 902, 06] 4,224 3,696 3,96 0,264 0,528 

 

ducted at an autoclave pressure of 7 bar and at a temperature of 180°C. The blind hole plate 
has a nominal thickness of 4 mm and a [0, 90]4s layup. The Cycom 985-1 has a nominal 
thickness of 4,224 mm and a [02, 902]4s layup. As artificial defects PTFE-foil was laminated 
into the material or blind holes were machined into the cured plates. The PTFE-foil was 
either introduced in a single layer or double layered, where the ends were welded together 
to avoid resin flowing between the single layers. This simulates an air inclusion resembling 
a delamination. The blind holes as well as the PTFE-foil were introduced in various depths 
from 0.25-1.5 mm in steps of 0.25 mm and sizes from 7-40 mm. The geometry of the plates 
with PTFE-inserts and blind holes can be seen in Fig. 2. Due to technical reasons the 
double layered PTFE-inserts were not of circular shape but rectangular. These inserts were 
at the same location in the specimen and had an edge length equal to the diameter. 

For the delamination specimens, four different layups were chosen to create delamina-
tions. This delaminations start at a depth from approximately 0.25 mm to 1.75 mm and in 
steps of approx. 0.25 mm. Additionally, three more are used in order to create delamina-
tions exceeding a depth of 2 mm. According to Fig. 1 the depth of delaminations can be 
measured from the impact side and from the backside. In addition to that some plies have 
delaminations on the top and the lower side. In this way, one specimen can include measur-
able delaminations up to five different depths. With these specimens a systematic investiga-
tion of impact damages at depths from 0.25-4 mm is possible. Table 1 shows the labels of 
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Fig. 3: Experimental setup of thermography with optical (a) and ultrasonic (b) excitation [12] 

the specimens used later on in this study, as well as their layup, their nominal thickness and 
their expected delamination depth. 

3.2. Non-destructive testing 

Ultrasonic measurements were carried out with a USPC 3040 DAC. The system has a 
resolution of 20 MHz and an amplification of up to 106 dB in 0.5 dB steps. The specimens 
were placed in distilled water as coupling medium for the c-scans as well as the volume 
scans. Calibration of the ultrasound speed in the specimens was achieved by measuring the 
sample thickness and adjusting the speed until the measured thicknesses was matched.  

Radiography was conducted with a HP cabinet x-ray system from the Faxitron Series. 
The tube current was set to 10 mA at a voltage of 20 kV. Exposure time of the D2 films 
was chosen to achieve an optical density of approximately 2.  

Thermography systems were supplied by Automation Technology GmbH (AT) and are 
shown in Fig. 3. Control of the excitation sources and camera was facilitated via the AT-
Software IrNDT V1.7 which enables not only a first approach to the analysis of the sample 
but also an export of the data to Matlab for further evaluation. A SC4000 camera with a 
frame rate of up to 432Hz, a resolution of 320x256 and a thermal sensitivity of 18 mK was 
used. 

Measurements with optical excitation (Fig. 3(a)) were conducted from one side with a 
2.5 kW spotlight. Excitation was a rectangular pulse of several seconds, depending on the 
depth of the defect and the specimen thickness. 

For ultrasonic excitation (Fig. 3(b)) the specimen was clamped with 6 bar with the so-
notrode. Additionally, the ultrasound signal was modulated to avoid standing waves, yield-
ing an excitation sinusoidal of around 25 kHz with an amplitude of 5 kHz. 
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Fig. 4: C-Scan of specimen P6. Microscopic images and ultrasonic volume scan of one section show good 

accordance with the c-scan image. 

4. Results and discussion 

4.1. Delamination depth detection limit 

NDT and microscopy showed that the developed method to introduce delaminations works 
as expected. Fig. 4 shows a c-scan of specimen P6 with a large delamination in the ex-
pected depth of approximately 3.2 mm. To further analyze the extent of the damage, ultra-
sonic volume scans and radiography testing were conducted. After NDT the specimen was 
cut and polished to obtain microscopy images. A b-image from the volume scan and a 
microscopic image of the same cross-section can be seen in Fig. 4. In addition to the main 
delamination in the desired depth, matrix cracks parallel to the specimen surface can be 
observed close to the impact point. These cracks were only observed on the thick speci-
mens P5-P7. The thin specimens did not exhibit this crack formation. This is in good ac-
cordance with these cracks’ formation depth of approximately 1.6 mm. Except for speci-
men P3 all thin plates have a ply with a different orientation either at this depth or prior to 
it. Therefore the impact energy is released preferably at the point where the elastic proper-
ties change. In thick unidirectional layers, the lateral stresses induced by bending leads to 
the formation of cracks which are parallel to the surface. 

Radiography did not detect the delaminations as the absorption of the x-rays does not 
change significantly when a delamination is introduced into a material. It did, however, 
reveal matrix cracks not observed with the other testing procedures. These were mainly 
near the point of impact. Since they were not observed with any other testing procedure, it 
can be assumed that they do not have a significant lateral circumference. Hence, these 
defects are not likely to influence the thermography measurements. 

To determine the size of the detected delaminations for each NDT method, the images 
were analyzed with ImageJ (an open source image processing tool) using a polygon li-
neage. As an example, Fig. 5 shows the result images of P1 measured from the upper side, 
which were used for further analysis. The c-scan image clearly shows the created delami- 
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Fig. 5: Images obtained by using either ultrasonic c-scan (a), optically excited (b) and ultrasonically excited 

thermography (c) of P1 
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Fig. 6: Detected delamination area in percentage versus defect depth in millimeters. Ultrasonic c-scans were 
used as reference for the actual delamination area. Hence, these results are illustrated as line. The thermogra-

phy results were furthermore fitted with a polynomial fit to emphasize on the detectability. 

nations, which also were detected with optical and ultrasonic thermography. While the 
defect measured with ultrasonic excitation appears to have a similar size, the other mea-
surement obtained with optical thermography shows a smaller defect. Additionally, ultra-
sonic excitation distinguishes clearly between the two delaminations while this difference 
can barely be observed by means of optical thermography. 

Since ultrasonic c-scans are a broadly acknowledged method used to determine the size 
of delaminations regardless of their depth, they were used as reference for the defect size. 
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Fig. 7: Detected delamination area in percentage versus defect depth in millimeters. Ultrasonic c-scans 

were used as reference for the actual delamination area. Hence these results are illustrated as line. The results 
were furthermore fitted with a polynomial fit to emphasize on the difference between the defect types. 

The sizes obtained with the other methods were normalized to that reference. Fig. 6 shows 
the detected delamination size in percentage relative to the reference versus the defect 
depth in millimeters. The results were fitted with a second degree polynomial to emphasize 
on the detection depth characteristics. 

It can be observed from the optical thermography measurements that the delaminations 
close to the surface appear to be larger than the actual damage size and then decrease until a 
detected damage size of 40% at a depth of 1.848 mm. The oversized damage measurements 
result from the lateral heat flow of the reflected heat wave at the defect boundary. The 
reflected heat wave dissipates with increasing distance of the defect to the surface. For the 
same reason, the ultrasonic excitation overestimates the damage size until a maximum 
found at approximately 2.5 mm depth. The only difference is that, for this excitation, heat is 
generated at the defect and, therefore, only has to travel from the defect to the surface. The 
overestimation observed in ultrasonic thermography exhibits a concave behavior. This is 
due to the fact that the generated heat also flows laterally to a maximum dilatation, which 
cannot reach the surface at a yet-to-define distance from the surface. After this point for-
ward, the overestimation decreases. The authors predict that the detected defect size when 
using optical thermography will further decrease for defects at depths greater than 4 mm. 

The detection limit of optical thermography is at least at 1.848 mm. Defects in the spe-
cimens P5 and P6 could be detected as well but, at present, it is unclear whether the observ-
able contrast comes from the delaminations at 2.64 mm and 3.168 mm respectively or from 
the formation of cracks at the 0° plies. 
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4.2. Comparison with artificial defects 

To compare the delaminations to the artificial defects, the detected damage area was meas-
ured as in section 4.1 and fitted with a second degree polynomial. The results are shown in 
Fig. 7. The single layered PTFE foil has a detection limit of 1 mm and that of the double 
layered PTFE foil is at 1.5 mm. On the one hand, PTFE generally cannot simulate a defect 
correspondent to the PTFE’s original size, since it is always displayed smaller than it ac-
tually is. Both curves show the same behavior and increase until a depth of 0.75 mm and 1 
mm, respectively, and begin to decrease afterwards. The blind holes, on the other hand, 
clearly show a linearly decreasing behavior. When comparing the fitted data for both dela-
minations and blind holes, the curves present the same slope. The difference lies in the 
larger variance exhibited by the delaminations. 

PTFE foil does not correctly represent real damages in CFRP and, therefore, should not 
be used in such applications. Blind holes, however, show a very good correlation with the 
delaminations. The large variance of the delaminations can be explained by the various 
thicknesses of the detachment of the plies. This large variance is not seen in blind holes, 
since they exhibit a constant reflection coefficient. The authors believe that at greater 
depths the detection limit will differ significantly. Indications for this are a higher contrast 
of the blind holes and a considerable phase angle difference for equal frequency and defect 
depth.  

5. Conclusions    

In this work, the validation of NDT methods by means of systematical defect generation 
was discussed. The use of artificial defects was compared with that of delaminations intro-
duced into CFRP specimens. A method was developed to create the delaminations after 
impact only at a desired depth allowing a systematic investigation on realistic damages. The 
specimens were investigated with ultrasound, thermography and radiography as well as 
microscopy after NDT. The presented method to create delaminations was tested success-
fully and serves the purpose up to a thickness of 2 mm. In thicker specimens the delamina-
tions originate at the desired depth as well, but further cracks form in the material at lower 
depths. This can have an influence on the results of NDT methods and will be investigated 
in detail in future work.  

With the developed method two aspects could be investigated: the detection limit of 
active thermography with optical and ultrasonic excitation on impact damage and the com-
parison of artificial defects with realistic damage. The detection limit of optical excited 
thermography lies at least at 1.848 mm. Ultrasonic excitation can even detect damages 
deeper than 4 mm. For systematic investigations laminate layup can provide specimens 
with delaminations at desired depth after impact. If this method cannot be implemented, 
blind holes should be used, since they show good correlation with delaminations (at least 
for depths lower than 1.5 mm). PTFE-foil is not suited for defect simulation.  
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