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Abstract. This study explores infrared thermography as a cost-effective alternative to computed 
tomography for detecting subsurface defects in parts produced by powder bed fusion with an 
electron beam (PBF-EB). Ti6Al4V specimens were produced with designed defects that mimic 
subsurface pores or discontinuities whose size and depth are typical of PBF-EB. Computed 
tomography (CT-scan) was used to collect information on the defect dimensions and coordinates 
accurately. The same samples were therefore analysed using Joule heating infrared thermography, 
applying electric current while an infrared camera recorded the temperature development on the 
surface of the sample. The joint analysis of CT scan and thermography data provided a 
comprehensive study on the limits of the inspection technologies, PBF-EB process, and measuring 
system in terms of defect size, depth, and the size-to-depth ratio. The results showed that the 
surface characteristics of the PBF-EB are critical for thermography. 
Introduction 
Additive manufacturing (AM), in particular powder bed fusion with electron beam (PBF-EB), has 
gained significant traction in various industries including aerospace, automotive and medical 
sectors, owing to its ability to efficiently produce complex metallic components for high-end 
applications. However, as AM becomes more widespread, the challenge of ensuring part 
qualification is also growing, particularly in applications where safety and reliability are critical. 

Defects in AM parts originate from various sources and can significantly affect the morphology, 
size and geometry of the defect. These factors contribute to the varying degrees of detectability for 
such defects [1,2]. Common issues include porosity that may contain unmelted powder or trapped 
gases [3,4] and can range from small, spherical configurations to irregular shapes [5,6]. Gas-
induced porosity includes trapped inert gas (spherical, 10-80 μm) and gas inclusions such as 
hydrogen pores (spherical, 5-20 μm) [7,8]. Process-induced porosity is caused by excess energy 
(keyhole porosity) or insufficient energy (lack of fusion). Keyhole porosity, where deep vapor 
cavities form in the melt pool, leads to spherical pores with a diameter of about 100 μm after 
collapse [9,10]. Lack of fusion consists of large and irregular cavity formations between 
neighbouring melt lines or layers (lengths of 400 μm to 600 μm and heights of 140 to 240 μm) 
[3,6,10,11,12]. Spatter particles can contribute to these voids by absorbing the energy destined for 
the powder bed. Balling defects, which occur when molten material separates into spherical shapes 
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due to improper process settings, also contribute to the overall porosity(in the size range of 150 
μm to 250 μm) [13]. Foreign debris inclusions and delamination due to insufficient interlayer 
adhesion further complicate defect profiles, together with cracks due to solidification stresses (150-
200 µm long, 60-70 µm wide) [8,14]. 

To address these challenges, ex-situ IRT emerges as a promising inspection technique for 
detecting subsurface defects of AM components. This is particularly true for active methods that 
rely on an external excitation source to thermally stimulate the inspected part [15,16]. The 
effectiveness of IRT is closely linked to the excitation method used, as the different techniques 
have different advantages and limitations depending on the specific applications of non-destructive 
testing. In particular, current-excited thermography is characterised by a favourable signal-to-noise 
ratio and the ability to identify subsurface defects. However, it often requires a careful contact 
setup and is limited to electrically conductive materials. 

Given the critical focus on qualification of PBF-EB produced metal parts, detailed assessment 
of defects and overall quality is paramount to meet stringent performance standards. IRT provides 
a fast, non-contact solution for defect detection and offers advantages such as ease of use and early 
identification of defective components [17,18,19]. Despite its demonstrated potential, the method 
faces significant challenges, including susceptibility to noise and limited ability to detect smaller 
or deeper defects. Recent studies have explored advanced post-processing algorithms and machine 
learning to improve the sensitivity of thermographic techniques, particularly in the detection of 
calibrated porosity defects. While larger defects can often be easily identified, reliable detection 
of smaller anomalies still requires advanced algorithms to reach limits of 127 μm in diameter and 
depth [20]. Spherical defects with a diameter to depth ratio greater than 3 were reliably detected, 
with improved probabilities using thermal signal reconstruction techniques. Convective stimulated 
thermography detected open defects up to 300 μm in size in an Inconel 718 sample, but was 
ineffective for smaller defects [21]. The ASTM report found that optical flash thermography and 
convective step heating detected open surface defects, with convective heating identifying defects 
down to 0.2 mm in size, although both methods had problems with deep-seated defects [1]. 

The current landscape of IRT applications related to AM remains limited, since there is a lack 
of standardised testing protocols and comprehensive benchmarking with established methods such 
as CT. This research aims to pave the way for a robust testing protocol dedicated to the detection 
of defects in PBF-EB components, utilising active thermography with Joule excitation. By 
conducting preliminary tests and using CT data as a reference, the work proposes a standardised 
methodology for defect detection and contributes to the overall qualification process for additive 
manufacturing. 
Materials and methods 
Samples with intentional defects were designed using Solidworks 2023 CAD software (Dassault 
Systemes) with a square constant cross-section of 10 mm x 10 mm and a gripping area to facilitate 
connection to the power supply. This preliminary study is part of a broader investigation that 
considers many types of defects that mimic those typical of PBF-EB. In this first step, the 
development of a method for non-destructive testing by thermography is proposed. For this 
purpose, samples with cylindrical defects open at one end and characterised by a diameter 
(hereafter size) between 0.5 and 1 mm and a depth below the continuous surface, under which they 
are located, between 0.25 and 2 mm are used. Fig. 1 shows four defects in the same sample with 
different diameters and at different depths under the same surface, called hereafter “target surface”, 
misaligned with each other to minimise current flow disruption. These defects are larger than those 
typically formed during PBF-EB, so they should be easier to detect with the chosen method, also 
as a result of at least partial emptying of the unconsolidated powder. More challenging defects will 
be considered at a later stage, when the test protocol will be more consolidated.  
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Joule excitation leads to localised heating of the defect, which is greater the larger the defect is. 
Thermographic observation of the target surface shows a thermal inhomogeneity that is all the 
more pronounced the higher the temperature reached by the defect and the shallower the defect. 
Consequently, the ratio of size-to-depth is a decisive factor for detectability. It is consistently stated 
in the literature that one of the limiting factors for the effectiveness of thermographic detection is 
the finish of the surfaces being analysed [20], and in PBF-EB the surface morphology is highly 
dependent on the relative orientation of the surface under consideration in the build chamber [2]. 
Therefore, different samples were built with defects below four target surface types: Upskin, Side, 
Downskin built on loose powder and Downskin built directly on the build platform and 
subsequently detached from it.  

 

 

Fig. 1: Geometry of the samples showing the placement of the defects, their size, and depth 
below the target surface. 

Samples were produced with an Arcam A2X PBF-EB system using standard Ti6Al4V powder 
with a size distribution ranging between 50 and 150 μm. Before the melting phase, each layer was 
preheated at 700 °C. The layer thickness was set equal to 0.050 mm. Details regarding the other 
process parameters are given in Table 1 [22] 
 

Table 1: standard process parameters for Ti6Al4V 

 
Scan 
speed 

[mm/s] 

Focus 
Offset 
[mA] 

Beam 
current 
[mA] 

Number 
of 

contours 

Line 
offset 
[mm] 

Contour 
(MultiBeam 

mode) 
850 5 6 3 0.25 

Hatching 1754 25 12 - 0.2 

 
The surface topology of the samples was recorded using a Nikon LV 150 optical microscope 

(Nikon, Tokyo, Japan) equipped with a Confovis system. Specifically, an area of 4.5 x 2.5 mm2 
was scanned on the four types of surfaces. A 100x objective and a layer discretization of 0.50 µm 
were used. 

The samples were CT scanned with a GE Phoenix V|tome|x S 240 with a voxel size of 20 µm 
to confirm the presence of the seeded defects and their detectability by tomography. 
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The thermography tests were performed with the following devices:  
• Power supply: Xingtongli GKDM24-1000CVC, supplying DC current with a maximum 

voltage of 24 V and a maximum current of 1000 A. 
• IR camera: Teledyne FLIR A700, placed at a distance of 40 mm from the target surface and 

equipped with a 2x macro lens that allows focussing on an area of 25.5 x 19.1 mm2 with a 
sensor resolution of 640x480 pixels, resulting in a spatial resolution of 40 µm/pixel. The 
acquisition rate is 30 Hz. 

Preliminary tests have shown that it is necessary to paint the target surface with a black, matt 
colour to avoid the effect of reflections. The sample to be analysed is placed on a fixed base in a 
partially enclosed chamber to limit interference from ambient light. The camera is positioned and 
focussed on the surface of the sample, then the recording begins and the current is applied for a 
few seconds. Before each test, it was checked that the temperature difference between the sample 
and the environment was less than 0.5°C. Each sample was tested 6 times, the repetitions of the 
experiments were randomized. 

The recorded IR videos were post-processed with Matlab using the “FLIR Science File SDK 
for MatLab” to extract and process the individual IR frames as matrices. The first step in 
processing the data was to identify the captured image that had the highest defect contrast 
compared to the rest of the sample. For this purpose, the signal-to-noise ratio (SNR) was calculated 
as in [23,24]: 
 

                                                             𝑆𝑆𝑆𝑆𝑆𝑆 =  |𝑇𝑇𝑑𝑑����−𝑇𝑇𝑛𝑛𝑛𝑛������|
𝜎𝜎𝑛𝑛𝑛𝑛

 (1) 

Where: 
𝑇𝑇𝑑𝑑���� = average level of the signal in the defect region of interest (ROI), i.e. a rectangle closely 
enclosing the defect (Fig. 2) 
𝑇𝑇𝑛𝑛𝑛𝑛����� = average level of the signal in the reference ROI, a hollow rectangular region (hatched in 
Fig. 2) obtained by offsetting the defect ROI. 
𝜎𝜎𝑛𝑛𝑛𝑛 = standard deviation of the signal in the reference ROI 
The defect is thus theoretically detectable if SNR > 1. In the initial development of the 
methodology, defect detection was based on the manual positioning of the reference ROI in an 
area adjacent to the defect. This approach was later replaced by the current automated solution, 
based on the self-referencing method proposed by Usamentiaga et al. [24], which ensures a more 
reliable adaptation to the defect shape while eliminating the risk of arbitrarily selecting a non-
representative region. 

Various approaches were tested to automatically determine the size of the defect from the 
thermographic images. These included: i) fitting a Gaussian curve to the temperature profile 
crossing the defect and evaluating the start and end of the peak or full width at half maximum; ii) 
mathematically analysing the temperature profile across the defect or its derivative. 
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Fig. 2: Representation of the ROIs for SNR calculation. 
Results and Discussion 
The results of the confocal measurements on the target surfaces are shown in Fig. 3 together with 
the 3D average areal surface roughness Sa. The upskin has the most even surface while the 
roughness of the downskin varies depending on the costruction on the build platform or the loose 
powder. The side surfaces have the highest roughness of 38.4 µm. These variations significantly 
impact defect detectability, assessed using the SNR methodology. This effect is clearly illustrated 
in Fig. 4, where the same defect is analyzed on both the downskin and upskin surfaces. The results 
differ considerably, with an SNR of 2.36 in one case, while in the other it is close to the minimum 
detection threshold of 1, demonstrating a clear decline in detection efficiency as surface roughness 
increases. 

Detection is also strongly influenced by the size and depth of the defects. Table 2 shows the 
nominal values and the corresponding SNR calculations for the individual artefacts produced.  
Smaller defects and greater depths reduce detectability, which often leads to non-detection and 
thus illustrates the limitations of this inspection technology. Defects at a depth of 2 mm mostly 
remain undetected, even at larger sizes, while a 0.5 mm defect is only detected at a shallow depth 
of 0.25 mm. All defects were successfully detected with tomography instead. 

 

 
Fig. 3: Confocal maps of the target surfaces.  
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Fig. 4: Results of the SNR calculation for the defect with 1 mm diameter and 0.5 mm depth in the 
case of downskin (a) and upskin (b) target surface. 

 
The thermographic images were also processed to determine the defect size. Robust results were 
obtained using the following method: 

- An additional Measurement ROI was determined, i.e. a rectangle with a large base 
crossing the defect in the direction of current flow (x) and a height smaller than the hot 
area in the y-direction (Fig. 5a). 

- A temperature profile was calculated by averaging the temperature values along the y-
direction for each x-position (Fig. 5b). 

- The experimental data were fitted with a three-term Gaussian function and the first 
derivative of the Gaussian profile was calculated (Fig. 5c). 

- The defect size was determined as the x-distance between the maximum and minimum 
positions (Fig. 5d). 

 
Table 2: Results of the thermographic analysis. 

Target 
surface 

Nominal Thermography 
Target 
surface 

Nominal Thermography 
Size 

[mm] 
Depth 
[mm] SNR Size [mm] Size 

[mm] 
Depth 
[mm] SNR Size [mm] 

  Avg. S.D. Avg. S.D.   Avg. S.D. Avg. S.D. 

Up 

0.5 1.00 0.43 0.05 - - 

Down 

0.5 1 0.63 0.10 1.26 0.27 
0.5 0.25 1.90 0.38 0.86 0.07 0.5 0.25 1.03 0.10 1.26 0.16 
1 2 0.20 0.09 - - 1 2 0.39 0.05 - - 
1 0.5 2.36 0.20 1.02 0.05 1 0.5 1.05 0.05 1.46 0.39 

Side 

0.5 1 0.27 0.06 - - 

Down-
platform 

0.5 1 1.26 0.25 0.77 0.10 
0.5 0.25 0.59 0.15 - - 0.5 0.25 1.52 0.27 0.88 0.10 
1 2 0.38 0.07 - - 1 2 1.13 0.14 1.66 0.06 
1 0.5 1.74 0.08 1.28 0.05 1 0.5 2.89 0.42 0.99 0.09 
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Fig. 5: Defect measurement procedure: a) identification of the measurement ROI, b) 

magnification of the measurement ROI, c) temperature vs. position plot with the fitted Gaussian 
curve, d) indication of the defect width in the first derivative curve. 

Conclusions 
This study aims to define a robust methodology for the application of active IRT with Joule 
excitation for defect detection in PBF-EB components. Open cylindrical defects of different sizes 
(0.5–1 mm) and depths (0.25–2 mm) were intentionally introduced into the fabricated samples, 
which were used as test artefacts for the development of an NDT procedure. Key achievements 
include an automated and reliable method for SNR calculation and Gaussian-based automatic 
defect sizing, as well as the identification of a robust test setup. In particular, the experimental 
measurements have shown that detectability is critically affected by the morphology of the target 
surface, leading to a reduction in detection efficiency for rougher surfaces, and by the dimensional 
characteristics of the defects analysed, with defects at a depth of 2 mm not being detected even at 
larger sizes, and a 0.5 mm diameter defect being detected at a shallow depth of only 0.25 mm. IRT 
is thus confirmed as a valuable technique for rapid non-destructive evaluation, and this study 
represents the first step in the evaluation of this method compared to accurate and time-consuming 
alternatives such as tomography. 
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