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Abstract 
 
This work presents numerical simulations performed to support the development of 
Non-Destructive Testing (NDT) methodologies applied to continuous carbon fibre 
reinforced polymer parts produced by a fused deposition modelling Additive 
Manufacturing. The possible defects of these specific components that can be detected 
by NDT are the voids, fibre discontinuities and delamination, for which is required to 
develop a multimethod system for the inspection. Several case studies were selected for 
experimental testing and model simulations of thermography, ultrasound and eddy 
current techniques were performed. Available Finite Element Method (FEM) 
commercial codes ANSYS and LS-Dyna where used for simulation of the physical 
phenomena associated with these NDT techniques. Furthermore, with the concern to 
maintain a reasonable computational cost, some efforts are made to make the numerical 
models efficient. Numerical simulation allowed a deeper insight of the phenomena 
involved in the NDT inspection, and it proves to be a useful tool for the selection of 
NDT parameters. 
 
 
1.  Introduction 
 
The use of carbon fibre reinforced polymer (CFRP) parts is especially important for the 
aeronautics industry, which greatly benefits from the weight reduction that this type of 
materials allows. Significant progresses in Additive Manufacturing (AM) technologies, 
initially intended for rapid prototyping, provided the ability to produce finished parts 
with complex geometries and reduced cost. In addition, recently developed 3D printers 
have the capability to build composite structures by adding a reinforcement material to a 
polymeric matrix (1). Aeronautics industry is at the same time one of the most 
demanding in terms of component certification, therefore the importance of developing 
NDT techniques (2). Numerical simulations are extremely useful for the validation of 
NDT procedures, as with the appropriate numerical models, it is possible to predict and 
optimize testing conditions without an excessive number of experiments. As a 
consequence, these models have being used in numerous research works for the various 
techniques of NDT. 
 
Several authors used FEM to simulate the transient thermal behaviour of composite 
materials using thermography with different commercial codes: NE-NASTRAN (3), 
ANSYS (4-5), ABAQUS (6) and COMSOL Multiphysics (7-9). The numerical models 
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presented by references (3-9) are mainly intended to predict thermal response of 
conventional CFRP laminates. These composites are made of unidirectional prepreg 
layers for which the mechanical and thermal properties are better known. Therefore, the 
purpose of the referenced investigations is mostly to evaluate the influence of the 
sequence of layers and delamination depth on the detection of this typical defect. The 
great advantage of 3D composite printing is the ability to locally control the direction of 
the deposited fibres producing highly anisotropic parts in complex geometries. This new 
manufacturing process, whose advantages make it an increasingly used technology, 
requires a better knowledge of NDT techniques for the quality assessment of the 
manufactured products and, consequently, a deeper investigation of the phenomena 
involved in the inspection process. 
 
This work presents numerical simulations through FEM to support the NDT procedures 
for continuous carbon fibre reinforced polymer parts produced by a fused deposition 
modelling technology. The possible defects of these specific components are the voids, 
fibre discontinuities and delamination, for which is required to develop a multimethod 
NDT system for the inspection. Additional challenges to the efficiency of defects 
detection and the viability of some NDT techniques arise from the orthotropic properties 
of composite parts, combined with surface roughness of the printed components (9) and 
low electrical and thermal conductivity of the polymeric matrix (10-11). Therefore, 
active thermography, air-coupled ultrasound and customized eddy current probes were 
the selected inspection techniques. Available FEM commercial codes ANSYS and LS-
Dyna were used for simulation of the physical phenomena associated with these NDT 
techniques. 
 
 
2.  Numerical simulations of the NDT methods 
 
NDT techniques usually require great effort and large number of experiments to achieve 
appropriate probe design and testing conditions. However, the reliability and cost 
efficiency of the NDT methods can be improved through appropriate numerical 
modelling as described hereafter. The numerical simulation assists the design of 
customized NDT probes and allows deeper physical phenomena insight. Moreover, with 
the validated numerical models, it is possible to optimize the test parameters and predict 
the outcomes of different procedures, being these the advantages of including 
computational models in NDT methods research. 
 
To investigate the advantages and limits of the mentioned techniques, several specimens 
were printed using PLA, ABS, Polyamid and PEEK for the matrix and carbon fibres, 
glass fibres and NiTi wires as reinforcement material. Artificial defects were included 
during the production of the samples in order to represent voids with different sizes, 
delamination and misalignments of reinforcement. 
 
The main drawback in the use of contact ultrasonic inspection is the strong acoustic 
attenuation of polymers that constitute the matrices of these types of composite parts. 
The acoustic attenuation coefficient and sound velocity in PEEK specimens was 
experimentally evaluated using contact probes with pulse frequencies of 2, 4 and 10 
MHz, confirming the inadequacy of this NDT technique for polymeric composites 



 3 

produced by AM. Immersion ultrasonic inspection was tested for samples with 
artificially induced superficial defects located on the rear surface. The samples with 
dimension 150×150×6.7 mm had four planar surface defects with a 5 mm diameter and 
2 mm and 4 mm thickness, and 14 mm diameter and 2 mm and 4 mm thickness. It was 
verified that the amplitude of the echo allowed to detect the superficial defects, through 
the C-scan representation. Due to the surface roughness of 3D-Printed components, 
non-contact inspection techniques such as air-coupled ultrasonic testing are preferred. 
To investigate the detection capabilities of an air-coupled transducer working in 
reflection mode at 50 KHz a numerical model was developed for FE analysis. The air 
medium was modelled using acoustic elements with pressure as nodal degree of 
freedom covering both sides of the PEEK plate from a distance of 25 mm. The PEEK 
plate was modelled with structural solid elements, being displacements the degrees of 
freedom. A third type of elements with 4 degrees of freedom (pressure and 
displacements), was used for the coupling of acoustic and structural analysis at the 
fluid-structure interface. For acoustic simulations, the appropriate determination of 
mesh refinement and integration time step is extremely important as the accurate 
calculation of the pressure wave propagation is highly dependent on these parameters, 
being recommended to have at least 10 elements per wavelength of the material (12). 
This requirement increases the computation cost of numerical models, compromising 
the effective implementation of optimization algorithms or the simulation of C-Scan 
images. 
 
Other important issues are related with the inspection of the alignment and continuity of 
the fibres. For NiTi wires, proper evaluations were achieved up to a depth of 2 mm 
using eddy currents. Preliminary simulation results reveal close correspondence to 
experimental measurements, as no significant change on the magnetic field was 
calculated for a wire placed at a distance greater than 2 mm, attesting the potential of 
numerical methods to support the design of probes for eddy current inspection. 
 
For the detection of the voids, best results were achieved using active thermography 
with customized heat sources, revealing defects with planar morphology and 1 mm in 
length, localized at half thickness. For this reason, in the next section is presented in 
detail the active thermography modelling and simulation analysis, for which the results 
are validated with experimental testing. 
 
 
3.  Case study: active thermography  
 
Furthermore, to extend the results that were obtained experimentally, FEM analyses for 
a selected thermography case study – a 200×200×5 mm PLA specimen with a 15×15×2 
mm centred void were conducted using 2D and 3D models for different materials. For 
both numerical models, the mesh convergence was verified by examination of nodal 
temperatures for various element sizes at a defined number of points located on the top 
surface and rear surface of the specimen model. Moreover, different defect sizes and 
depths were tested, and the influence of the heat pulse shape, intensity and duration was 
investigated. It is concluded that the only difference in the results obtained for the 
pulses tested is the maximum temperature achieved during the heating phase, which for 
the cases depicted in figures 1 through 3 are: 1) 25.5 °C, 2) 27.3 °C and 3) 24.9 °C. 
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a) b) 

Figure 1. a) Heat Pulse (constant); b) Temperature evaluation 

 

  
a) b) 

Figure 2. a) Heat Pulse (linear shape); b) Temperature evaluation 

 

  
a) b) 

Figure 3. a) Heat Pulse (trapezoidal shape); b) Temperature evaluation 
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Temperature evolution over time is represented in figure 1b) for nodes above the defect 
zone and out of the defect zone, on both top and rear surfaces, describing the results that 
could be measured for the heat reflexion or transmission. Those curves represent the 
heating and cooling phases of the surfaces when a constant heat pulse is uniformly 
applied to the top surface for 10 seconds. Contrast on the thermal image induced by the 
presence of a defect may be evaluated through the temperature difference on surfaces 
represented in figure 4, where the time for the maximum contrast, when the clearest 
image could potentially be found, may also be identified. 
 

 

Figure 4. Temperature difference for constant pulse 

 
From the simulation results is possible to predict the temperature profiles along the 
surfaces of the specimen for the time instant of maximum contrast for top surface (69.1 s), 
which are presented in figure 5. Here is possible to detect not only the location of the 
defect but also the length of it, due to the clear temperature variation in its region.  
 

 

Figure 5. Thermography FEM analysis results: Temperature profiles along the specimen for the 
time instant of maximum contrast on top surface (69.1 s) 
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Numerical model validation was performed by plotting temperature versus time over the 
defect and outside the defect measured during experimental test and correspondent 
simulation results. The experimental procedure was conducted using a PA-6 specimen 
of dimension 100×100×5 mm with a centered artificial defect of plane geometry with a 
size of 10×10×0.5 mm. The results for the heat transmission mode, presented in figure 
6, exhibit good correlation between numerical simulation and experimental test (figure 
6a), and establish clear detection of defects with this morphology. Accurate prediction 
of the instant when the best contrast occurs is depicted in figure 6b). The experimental 
test lasted for 150 s, having the heat source been kept on during the first 40 s. Being 
extremely cost effective, numerical models for thermography are well suited for the use 
of optimization algorithms to improve inspection results. 
 

  
a) b) 

Figure 6. Thermography results for experimental test and numerical simulation: a) Temperature vs 
time over and outside the defect zone b) Temperature difference vs time 

 
 
4.  Conclusions  
 
The application of 3D-Printing to obtain composite materials parts conducts to new 
challenges in the development of a reliable NDT system due to material properties and 
several possible defects that can be detected: voids, fibre discontinuities and 
delamination, which are specific for this new technology. Moreover, composite 
materials produced by fused deposition modelling have large acoustic attenuation, 
considerable surface roughness and low electrical conductivity. Additionally, the 
printing process creates non-homogeneous materials as the result of the infill pattern for 
the material deposition, hindering the usage of evaluation methods and selection of most 
appropriate parameters. Due to the reason that NDT techniques require great effort and 
large number of experiments to achieve appropriate probe design and testing 
parameters, in this work is proposed the use of numerical simulation to predict the 
outcomes of different procedures. With an appropriate numerical modelling that is 
validated against experimental testing, and that is described in detail for the case study 
of active thermography inspection method, is possible to predict the response of defects 
detection even in cases for which the artificial introduction of those is impossible. 
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The numerical model validation was accomplished when good a correlation between the 
temperatures values during experimental test and simulation. For the active 
thermography, a PA-6 specimen of dimension 100×100×5 mm with a centered artificial 
defect of plane geometry with a size of 10×10×0.5 mm was utilized for inspection. A 
constant uniform heat pulse was applied to the specimen for 40 s and temperatures were 
recorded on rear surface during the cooling phase. Maximum surface temperature 
difference above the void was measure at 53 s with a value of 0.7°C and calculated as 
0.691°C at 58 s in the numerical model.  
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