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Abstract 
Active infrared thermography (AIT) has become an interesting method for NDT, being widely developed for 
aeronautical applications. In this paper we have focused in two optical methods for AIT: lock-in (LT) and 
pulsed-phase (PPT) thermography, analyzing the techniques for non-cured samples and evaluation its 
implementation into a production line. The material of interest is pre-cured carbon fibre, with perpendicular fibre 
orientation.  
In PPT a short heat pulse (from halogen lamps) is submitted and data is subsequently acquired. In LT, the 
illumination is periodic and data is acquired in the later stationary regime. A common data processing is used: 
discrete Fourier transform of data series, retrieving amplitude and phase images. For further defect 
characterization, the phase information will be used, since it is less affected by environmental variations. 
Different samples were prepared with external inclusions simulating the expected faults: metallic and plastic 
inclusions, with 4x4, 6x6 and 10x10 mm2 sizes in consecutive layers up to 3-5 plies without compacting process. 
Comparison between both techniques is evaluated in terms of acquisition time, size and depth detectability. This 
study reflects the real defects in production before the compacting and curing processes, allowing cost savings 
for production and an improved quality control.  
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1.  Introduction 
 
Aerospace materials and structures have risen as an interesting field to study and develop 
different approximations for infrared thermography, as a non-destructive testing method [1-5]. 
Quality control of these materials is of primary importance to achieve high quality standards 
for each manufacturing procedure. In particular, fibre reinforced composites are essential for 
high performance lightweight structures, as carbon fibre reinforced composites (CFRP). 
Inspection studies presented in this work are focused on CFRP materials.  
NDT methods are typically post-production, involving high costs in repairing procedures or 
even part rejections. In this way, application of testing methods in the first stages of 
production is an opportunity to minimize these over-costs, specially with already known 
contactless techniques that can be adapted to production with cost-effective systems. In 
particular, active infrared thermography (AIT), where an external excitation generates a 
temperature difference between defective and non-defective areas in the piece under 
examination [6]. An infrared camera (IR) detects and images the surface temperature 
response. A surface or subsurface defect (porosity, delaminations, disbonds, inclusions, etc) 
will act as a resistance to heat flow, producing a differential temperature response.  
CFRP materials in the first stages of production are pre-cured plies that are moulded to go 
under a compacting process and finally a cured stage. Few approaches to thermal inspection 
of pre-cured samples are found on bibliography [5], without promising results because of the 
thermal properties of these materials initially distributed as pre-peg plies. The interest of 
developing a NDT method and characterising of its capabilities for detectability and time 
process for real production led to the present study, focused on pre-cured samples of carbon 
fibre composites. 
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There are different excitation methods for AIT [7]: from ultrasonics or mechanical excitation 
to optical approaches. In this work we focus on two optical methods: lock-in (LT) and pulsed-
phase (PPT) thermography. In detail [7,8]: 
 
1.1 Lock-in thermography 
Lock-in thermography (LT), also known as modulated thermography, is an infrared NDT 
technique where the surface of the specimen is periodically illuminated by one or several 
modulated heating sources, as halogen lamps. The periodic wave produces heat by radiation 
in the specimen surface which is propagated inside the material. Internal defects act as 
barriers for heat diffusion, thus producing changes in amplitude and phase of the thermal 
response at the surface.  
The thermal response of the material at the surface is acquired with an infrared camera. Heat 
diffusion through a material is a complex 3D problem that can be described by Fourier's law o 
of heat diffusion: 

                 
  

where α is the thermal diffusivity of the material to inspect, related with the thermal 
conductivity, density and specific heat of that material.  
Commonly, sinusoidal waves are used for the illumination in lock-in applications: the 
frequency and shape of the wave are preserved, and only the amplitude and the phase delay of 
the wave may change (sinusoidal fidelity). For simplicity, the 1D Fourier's law solution for a 
periodic thermal wave propagating through a semi-infinite homogeneous material is 
considered: 

                       
 
with T0 the initial change in temperature, ω the modulation frequency (ω = 2πf, with f  the 
frequency in Hz), λ the wavelength and µ the diffusion length: 

                         
 
From Eq. (3) it can be followed that thermal waves propagate deeper in more diffusive 
materials but information about deeper features is available at lower frequencies. Therefore, 
for a known material with known α the depth inversion is direct: it is possible to fix the 
inspection depth from the modulation (lock-in) frequency. This relationship will be employed 
to fix the lock-in frequency and the total inspection time for the proposed method.   
 
 
1.2 Pulsed-phase thermography 
 
In pulsed-phase thermography (PPT), the specimen surface is illuminated by a short heat 
pulse, using a heating source (as halogen lamps). After the illumination, a thermal front 
travels from the surface through the specimen. As time elapses, the surface temperature 
decreases: generally in an uniform way, but if surface / subsurface discontinuities are found, a 
temperature change is generated and detected with an IR camera.  
In PPT the temperature evolution on the surface is monitored in the transitory regime, by 
recording thermal images at regular time intervals. Temperature decreases approximately as 
t1/2, from the 1D solution of the Fourier Equation for a Dirac delta function (illumination 
pulse) in a semi-infinite isotropic material: 
 

(1) 

(2) 

(3) 



                                                     

 
where Q is the absorbed energy by the surface [J/m2] and T0 is the initial temperature [K]. At 
the material's surface (z=0), Eq. (4) can be rewritten as: 
 

         

where e=(kρcP)1/2 [m] is the effusivity, a thermal property that measures the material ability to 
exchange heat with its surroundings.  
In pulsed thermography, thermal data can be collected either from the same side, i.e. in 
reflection mode, or from the opposite side, i.e. transmission mode. 
Pulsed thermography is probably the most extensively investigated approach because of its 
easiness of deployment, although raw data is difficult to handle and analyze [9]. Pulsed-phase 
thermography is based on retrieving phase and amplitude data through the discrete Fourier 
transform. This approach is applied to both LT and PPT, as presented in the following section.  
 
1.3 Fourier data processing 
 
The processing of the acquired thermal image series requires data transformation from the 
time domain to the frequency spectra by using the 1D discrete Fourier transform: 
 
     
 
where j is the imaginary number (j2=-1), n designates the frequency increment (n=0,1...., N), 
∆t the sampling interval, and Re and Im are the real and the imaginary parts of the transform, 
respectively. Both amplitude An and phase images ϕn can be obtained: 

      
                                             

 
 
1.4 Testing principles in active thermography 
 
Several principles must be considered for Non-Destructive Testing of CFRP materials with 
active thermography [10]. Typically: 
 
 - Defects close to the surface can be detected with high sensitivity and resolution. 
 - The thermal contrast of the defect depends on the difference of the effusivities of 
 defect and sound material and on the aspect ratio (ratio of the defect size versus defect 
 depth) of the defect. 
 - The acquisition time / signal duration must be at least as long as the period of the 
 lowest frequency contained in the thermal response to ensure proper resolution. 
 - Aliasing error increases with decreasing sampling frequencies. 
 - Defects of different nature (same depth) will appear with positive/negative phase 
 shift with respect to the sound area. Defects of the same nature but located at different 
 depths can show also different phase shift.  
 - Detectability of inserts also depends on its width. The thinner the insert, the less 
 detectable will be its heat conduction. 
 
Although amplitude and phase images can be retrieved, phase images show some advantages 
over amplitude images for Non-Destructive Testing applications. They provide deeper 

(4) 

(5) 

(6) 

(7) 



probing capabilities and following the ratio involved in Eq.(7), part of the artifacts related to 
non-uniform heating, environmental reflections, emissivity variations and surface geometry 
variations are cancelled [11]. In this work, insert (as induced defects) detection is focused on 
the phase images. 
 
 
2.  Method and materials 
 
2.1 Experimental set-up 
 
The thermographic system employed is an own-developed laboratory solution with a Gobi 
640 GigE Industrial camera from Xenics, based on Ethernet connection to the control 
computer. The optical excitation system was implemented with a programmable power supply 
SM300-100D of 3000 W (from DELTA) and two halogen lights of 1000 W each.  
 
The illumination stage was implemented differently for the LT or the PPT solution: 
 
- LT system. The sinusoidal wave was programmed with a function generator HM8131-2 
from HAMEG, where the frequency value can be initially adjusted. Acquisition procedure is 
based on a trigger signal (programmed with an USB DAQ Labjack board). Frames (thermal 
images) for lock-in data are sequentially acquired, with 16 bits .png format. 
 
- PPT system.  The Labjack board is employed as the output control for the illumination 
pulse, allowing to vary the pulse time from milliseconds to seconds. In the PPT format, video 
series are acquired (in 16 bits Xenics format), limiting the total acquired frames. 
 

 
Figure 1: Example of the thermographic system implemented for laboratory tests. 

Different parameters must be fixed for the camera signal: camera gain, integration time and 
minimum frame time. These values are adjusted to maximize the image histogram, thus 
improving the final image quality. Accordingly, the framerate (acquired frames per second, 
fps) must be defined to limit image noise coming from aliasing [8]. For LT data, illumination 
frequency is adjusted for depth inspection and the total acquisition time is fixed in 3 lock-in 



periods, comprising several minutes once a temperature stationary regime is achieved. Thus, a 
framerate of 1 fps for LT acquisition has been checked to be sufficient for ensuring a 
minimum noise level in the images. 
For PPT, total acquisition time is fixed for a framerate of 15 fps (good image quality), during 
the transition regime (time until the temperature reaches a stationary state). Different 
acquisition times are analyzed, since larger times retrieve deeper inspection, as followed from 
the time - frequency duality [8]: ∆t = 1/f, where f  is related with the diffusion length as 
shown in Eq.(3). 
 
Distances between the camera focus and the samples were adjusted to cover the samples size 
in one image, namely 600 mm. The distance value between the samples and the halogen 
lamps was adjusted in the different sequences, to optimize both detectability and timings.  
 
2.2 Inspection samples 
 
Several probes were prepared for comparison of the IT techniques. The material is CFRP 
distributed in pre-cured plies, with perpendicular fibre orientation.  
Typical flaws after curing process (disbonds, delaminations, rest of inclusions) can be related 
with initial inclusions during the fabrication, particularly in the moulding process. Metallic 
elements can be found in addition to plastic rests coming from the pre-peg protector material. 
These plastic rests can cause delaminations or other flaws after the piece's curing in autoclave.  
To account for this kind of inclusions, both Aluminium and plastic inserts of different sizes 
were considered: 4 x 4, 6 x 6, 10 x 10 mm2. Width values are 0.15 mm for Al and 0.06 mm 
for plastic. A larger plastic protector covering half the size of the probe was also considered as 
other inclusion. 
 
First acquired images from this material reduced the insert's detectability to only a few plies. 
Non-cured samples with inserts in consecutive layers were prepared up to 3-5 plies with no 
compacting process (see an example in Figure 2). 
 

 
Figure 2: Example of a prepared probe of CFRP plies. 

 
 
 
 



2.3 Experimental parameters   
 
Different data series were acquired to analyze and compare LT and PPT techniques (Table 1). 
The objective is to optimize defect detectability (in terms of size and depth) and total 
procedure time (acquisition and image processing).  
 
Table 1: Parameters and probes for the pre-cured laboratory tests. 

Probes Plies Inclusions Layers1 

P00m 
P00pl 
P00pr, P01pr 
P01pl 
P02mp, P05mp 
P04mp 
P03mp 
P05mp 

5 
5 
3 
3 
3 
5 
3 
3 

Al (4-6-10 mm side) 
Plastic (4-6-10 mm side) 

Half-size protector 
Plastic (4-6-10 mm side) 

Al, plastic in files (4-6-10 mm side) 
Al, plastic in files (4-6-10 mm side) 

Al, plastic, random 
Al, plastic in files (6 mm side) 

1,2,3,4 
1,2,3,4 

1,2 
1,2 
1,2 
1,2 
1 
2 

Camera  Gain Integration time Min. frame time 
8 - 20 25 - 60 µs 25 - 50 ms 

LT parameters Frequency (Hz) Total acquisition time Framerate 
0.005 - 0.1 30 - 600 s 1 - 5 fps 

PPT parameters Acquisition time Illumination time Framerate 
20 - 60 s 0.5 - 4 s 15 fps 

1 Detection layers stands for the location of the inserts: 1 for inserts between 1st and 2nd layer, 2 for those 
between 2nd and 3rd layer, etc. 

 
3.  Results 
 
Different acquisition total time and frequency values (PPT and LT, respectively) were 
selected for image acquisition in probes with the samples indicated in the section before. 
Analyses for detectability and timings were performed on the phase images obtained after 
Fourier processing of the data series.  
Detectability was visually analysed on the phase images, in terms of detection layer, material 
of the insert and insert size. As indicated before, no amplitude image was considered within 
this study.  
Some examples of phase images for the non-cured probes are shown in Figure 3 and Figure 4. 
Metallic and plastic inserts are easily differenced, although in deeper plies than the 2nd one not 
every insert is detected. Some shadows can be seen in the images, diminishing this detection. 
New data series were acquired for analyzing the shadow's origin; finally, illumination or 
surface effects were dismissed, concluding that they are originated in the trapped air around 
the inserts. 
 



 
Figure 3: Phase images for LT probes (0.01 Hz): (left) plastic, P00pl, (right) Al inserts, P00m. Phase shift is 
positive for plastic and negative for Al, where the heat distribution varies from the centre to the insert's edges. 

All sizes of the inserts are visualized when located between 1-2 plies. 

 

 
Figure 4:  PPT phase images for P02mp, with Al, plastic inserts in the 1-2 plies. Different acquisition times (12 

s - left, 30 s - right) allow to detect part of the Al deeper defects (green line, between the 2-3 plies). 

 
Plastic protector is also shown in Figure 5, and it is easily distinguished from the base 
material in grey levels. Calibration of common grey levels should be accomplished so to 
account for a complete plastic defect as the one simulated in this probe.   
 



 
Figure 5: (left) Half-size plastic protector, showing clearer grey levels. (right) P05mp probe, where some 

inserts are visualized but shadows in the phase image diminish the detectability.   

 
In summary, the detectability for the evaluated material and inserts (perpendicular carbon 
fibre in pre-peg plies) is restricted to inserts between the plies 1-2 and 2-3. In Table 2 and 
Table 3 the parameters for LT and PPT are summarized along with timing and detectability. 
Final data are evaluated from the best detectability, image quality and times. 
Time values refer to both acquisition and processing time: for LT the acquisition timing 
comprises the 3 periods of lock-in frequency, whereas for the PPT application it stands for the 
transitory regime. Processing time is evaluated from the computation in a common laptop 
(Windows 7, Intel Core i7). 
 
Table 2: Timing and detectability for LT. 

Lock-in thermography 
Frequency (Hz) Acquisition 

time (s) 
Processing 

time (s) 
Detectability Comments 

0.01 300 46 1-2: 100%, all sizes Good image with high 1-2 
detectability 

0.0075 400 62 1-2: 100%, all sizes 2-3 largest defects are occasionally 
detected 

0.005 600 112 1-2: 100%, all sizes 
2-3: some detection 

2-3 largest defects are occasionally 
detected 

 
Table 3: Timing and detectability for PPT 

Pulsed-phase thermography 
Frames Acquisition 

time (s) 
Processing 

time (s) 
Detectability Comments 

187 12.5 16 1-2: 100%, all sizes Noisy image with 1-2high detectability. 
450 30 36 1-2: 100% all sizes 

2-3: <100%, 10 x 10 
       <  40%,   6 x 6 

Good image with 1-2 high detectability. 
2-3 defects can be detected but not in 
all cases 

600 40 48 1-2:  100% all sizes 
2-3: 100%, 10 x 10 
        < 50%,   6 x 6 

Similar to 450 frames case, with 
slightly higher detection for 2-3. 

750 50 60 1-2: 100%, all sizes 
2-3: 100%, 10 x 10 
        < 65%,   6 x 6 

Good image with good detectability. 
6x6 defects in 2-3 can be no detected 
for image artifacts. 

 
Italic data in Table 2 and Table 3 stand for the optimum compromise between detection and 
time focusing on the design for production implementation. The minimum time for 1-2 plies 



ensures 100% detection. For 2-3 plies the detectability varies depending on the insert size and 
also noise and artifacts in the probe/image: reflections, trapped air between plies, etc. Larger 
times are required for 2-3 detectability; in PPT the 450 frames option was selected since no 
concluding detection data can be fixed for those inserts with sizes < 10 mm and the ratio of 
detectability/timing will be more suitable for production times. 
Acquisition times are larger for LT than for PPT, while preserving defect detection. In this 
way, PPT emerges as the most suitable AIT technique for production needs. 
 
4. Conclusions and future work 
 
The implementation of a reliable AIT solution for NDT in non-cured pre-peg CFRP can be 
considered from the present work. The real defects in CFRP production before the 
compacting and curing processes have been simulated and its detection tested. Defect's 
spotting at this point allows direct cost savings for quality control and repairing protocols, 
which remain to be manual and with a high charge in overall costs.   
For these materials, a precise study for LT and PPT infrared techniques has shown a good 
detectability within the outer plies in production. Obtained total times allow to develop a 
thermography system including the data processing in feasible times for production. 
Furthermore, a continuous inspection in every ply can be designed to a control assurance of 
the moulding process, which remains to be manual and subject to human faults. 
 
Further work will be focused on an automated detection system for moulding processes of 
CFRP, in addition to other analyses on pre-cured materials (glass fibre, carbon fibre with 
parallel fibre orientation...) where the depth detection of the AIT is expected to be larger. 
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