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1. Introduction 

After a decline in 2009, AM Industry has continued to grow 
steadily over the past decade. Over the past four years, the 
industry has grown by an average of 23.3 % [1]. It can be seen 
that machine manufacturers and service providers are 
increasingly offering solutions for the production of end 
products. This market segment requires higher quality 
standards compared to prototyping, for which additive 
manufacturing has been mainly used in recent years. [1]

The core challenge to enable market entry for end products 
in different sectors is still the conception of quality assurance 
along the process chain [2]. Additive manufacturing processes 
are capable of producing high quality products, but the 
technologies and their application are still hardly mature 
enough to guarantee this quality over a longer production 
period. One reason for this is the lack of process monitoring
[1]. This has the greatest leverage for ensuring product quality, 

since in the area of quality assurance one of the greatest main
of additive manufacturing, freedom of design, is also a major 
challenge. Non-destructive testing technologies, which can be 
used to detect process-related imperfections such as pores, 
cracks, delaminations or bonding defects in already 
manufactured components, reach their limits due to the 
complex structures or material properties, among other things. 
Only computer tomography (CT) is capable of investigating 
even complex structures. However, CT scans are both cost- and 
time-intensive and the technology also reaches its limits in 
terms of component size, material properties and resolution 
limit for the ability to detect relevant defects. [3, 4] For this 
reason, quality control is preferably performed whilst 
generating the part layer-by-layer during the manufacturing 
process. In addition to better accessibility to more complex 
structures and lower required inspection depths, this also has 
the advantage that if defects are detected early on, the 
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Abstract

During the metal-based additive manufacturing process „laser-based powder bed fusion“ (Short: PBF-LB/M) even minor deviations from the 
required process conditions, e.g. changes in the layer thickness or a reduction in the inert gas flow, can lead to defects and thus negatively affect 
the quality of the components. In the field of non-destructive testing, heat flow thermography is an established method for detecting defects close 
to the surface. In this paper, a method to investigate the potential of non-destructive testing by means of a laser as an excitation source for active 
thermography and the results for the material 1.4404 are presented.
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manufacturing process of the affected components can be 
stopped, thus saving material costs and machine time.

During the metal-based additive manufacturing process
laser-based powder bed fusion“ (Short: PBF-LB/M), thin 
layers of loose metal powder are selectively melted to build a 
three-dimensional component layer-by-layer [5, 6]. In order to 
achieve a well bonded metallic structure, the excess thermal 
energy of the molten bath typically re-melts a part of the 
already solidified material [7]. The possibilities of monitoring 
the PBF-LB/M process and thus the resulting quality of the 
components are shown in Figure 1.

In addition to monitoring process parameters, such as the laser 
power or the platform heating, the required process conditions, 
e.g. the residual oxygen content within the process chamber, 
must also be controlled. The next possible step in the 
monitoring chain is then to record and interpret the emissions 
generated by the manufacturing process. The different 
wavelength ranges can provide different information:
• The IR range can be used to draw conclusions about the 

behavior of the molten bath, for example, and
• the UV range can provide information about the elemental 

composition of the molten material [8, 9].
The last possible step to ensure the component quality 

within the manufacturing process is the control of the process 
result, in this case the solidified layer.

2. State of the Art: In-Process Defect Detection

There are already various approaches for detecting potential 
errors due to minor deviations in the process parameters or 
process conditions used during the process. Whether a 
technology is suitable for such an application must be derived 
from the characteristics and causes of the individual defects. 
Therefore, the different defect categories as well as the 
technologies used for detection and the approaches using 
thermography are presented below.

2.1. Selected Defect Causes and Categories

In the field of standardisation, there is currently no approved 
standard describing the various types of defects by their causes
and characteristics. However, there are already various projects 
that have taken up this topic [3, 4, 10, 11]. The causes for the 
different defects can be divided in following categories: 

machine (e.g. laser, recoater, scanner), material (e.g. age or 
oxidation), human (e.g. handling, cleaning, part design) and 
process (e.g. remaining O2, parameters) [3, 10]. With regard to 
defects, a distinction can generally be made between geometric 
deviations, surface quality, building and internal defects [4, 
11]. Table 1 shows selected internal defects and their 
description:

Defect Description

Cracks Cracks can be within the component or more 
commonly a disconnection of the part from the build 
platform is seen.

(Gas) Pores Entrapped gas pores within the bulk of material. 
Material dependent.

Lack of Fusion Lack of fusion (pores) in between layers.

Inclusions Embedded contaminations from powder or 
equipment

2.2. In-situ Monitoring

In general, the technologies used can be assigned to the 
corresponding objects of observation. The technologies 
discussed below are mainly concerned with recording process 
emissions and controlling the process step of powder 
application [3]. These can be further divided into the areas on-
axis (or co-axial) and off-axis due to their process access. On-
axis in this context means that the technologies are integrated 
into the beam path of the laser unit in order to detect the process 
emissions directly during melting at that particular point. Off-
axis, on the other hand, means that the technologies used are 
mounted at a certain angle to the building plate and detect it 
over a large area.

In addition to the features already mentioned, the decisive 
difference between the individual technologies is the 
wavelength range used. Cameras in the visible to NIR range are 
used, for example, to detect irregularities in the powder 
application [12], the component quality based on the resulting 
surface properties [13] or the melt pool geometries [14]. 
Pyrometers and thermographic cameras in the NIR to LWIR 
range, on the other hand, are used, for example, to record melt 
pool temperatures [15], to record temperature profiles of the 
scan track [8, 16] or to identify ejections form the melt pool
such as spatters [17]. With the exception of systems for powder 
bed monitoring, where a flash is used to better illuminate the 
installation space [12], the monitoring technologies used 
passively record the heat introduced by the melting process.

2.3. Thermography for In-situ sensing

Infrared thermography uses the fact that all objects above 
absolute zero emit electromagnetic radiation, so-called thermal 
radiation [18]. Infrared systems can measure, process and 
visualize this heat radiation from surfaces without contact [19].
In general, thermography can be used in two different ways to 
detect internal, near-surface defects: passive and active [20].
Figure 2 illustrates how the defects in both application forms are 
reflected in the resulting thermogram:

Fig. 1. Possibilities for process monitoring

Table 1: Selected Internal Defects [3, 11]
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In the passive form, the heat inherent in the process is 
recorded. If this heat hits a defect on its way to the part surface, 
the cooling process is delayed, and the corresponding area 
appears darker in the thermogram. If, on the other hand, the 
heat is actively introduced from outside, it accumulates on the 
defect as it flows into the inside of the part, is reflected and 
appears as a bright spot in the thermogram [21].

As already mentioned, thermography is mainly used for 
monitoring the process signatures passively [8, 22]. Active 
approaches, using an external heat source to detect near-surface 
defects, are so far only used after the process [23–26].

3. Proposed Methodology

In order to determine whether the process laser is suitable 
for this application, this chapter presents the integration of 
thermography in a PBF-LB/M system and a method for 
investigating the potential of the system laser as an excitation 
source for active thermography.

3.1. Integration of the Thermography

An AconityOne laser PBF-LB/M system was used for all 
test series. To be able to access the building platform with a 
thermography camera, an integration module was developed 
and implemented (Figure 3). In order to make the viewing 
angle as steep as possible to keep the distortion in the image as 
low as possible, the working area for the laser was reduced 
from 400 mm to 200 mm in diameter. This allowed the camera 
to be placed at an angle of 65° to the building platform. In all 
tests a quantum detector camera of the type FLIR SC5650 
(detector size 640 x 512 pixels, maximum frame rate in full 
frame 100 Hz, waveband 2.5 - 5.1 µm) was used.

3.2. Procedure

The following steps were defined for the systematic 
approach to explore the potential of the technology and 
gradually approach the real defect sizes.

3.2.1. Definition of suitable test defects
The minimum defect size, which can be detected by active 

thermography, is bound to the following physical law:

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝐷𝐷𝐷𝐷𝑑𝑑𝑑𝑑𝐷𝐷𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 ≥ 𝐷𝐷𝐷𝐷𝑑𝑑𝑑𝑑𝐷𝐷𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ (1)

For this reason, thermography is only suitable for the 
detection of lack of fusion defects, as these can have sizes from 
50 to 500 µm [11]. To be able to prove the general detectability 
of near-surface defects in the first step, the defects must have 
the following characteristics:
• Fixed position: This is important in order to assign the 

resulting signal to a defect.
• Realistic: The inserted defect must have the same 

characteristics as real lack of fusion defects in order to 
cause a comparable reaction behaviour.

• Existing: The defects must remain in the part after 
remelting of the overlying layers.

3.2.2. Determination of suitable excitation parameters
For the determination of the excitation parameters, criteria 

were also defined which are to be considered from the point of 
view of the manufacturing process and the detection process:
• Minimal heat input: In order to change the microstructure as 

little as possible, the heat input must be as low as possible, 
but must allow thermographic detection.

• Excitation over the complete component area: To ensure 
that scans do not end in the middle of the component and 
thus do not reach potential defects, the scan must cover the 
entire width of the component.

• Unidirectional excitation: Bidirectional excitation at the end 
of a scan would cause the neighbouring scan to start at this 
point and lead to temperature peaks that would be very 
difficult to distinguish from defects.

3.2.3. Recording of the thermographic reaction

Within the last step of the procedure, the thermographic 
reaction has to be recorded and interpreted. For this purpose, 
the reaction behaviour of the defects must be compared with 
defect-free areas of the component and analysed with regard to 
the differences in contrast. On the basis of the analysis results, 
the next steps are then determined, which are either an 
adjustment of the detection parameters (framerate and 
integration time) or directly the next step to reduce the defect 
sizes in order to gradually approach the real defects.
The procedure and the individual possible iteration loops are 
illustrated in the following graphic:

4. Case study

This chapter shows the results of applying the procedure for 
the material 1.4404. The production of all test samples was 
carried out with standard parameters (laser power: 214 W, 
scanning speed: 928 mm/s, layer thickness 0.04 mm and hatch 
distance 0.1 mm). For the analysis of the micro sections, all 

Fig. 3. Integration module for the AconityOne

Fig. 2. Heat flow for passive and active thermography

Fig. 4. Developed iterating procedure
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samples were etched after polishing (etching agent: Adler etch, 
etching time: 25 s).

4.1. Determination of suitable defect size

To fulfil the criteria mentioned in chapter 3.2.1, test 
specimens with different defect sizes were produced and then 
vertical and horizontal microsection were analysed. The choice 
of the defect sizes was based on already investigated sizes for 
the material AlSi10Mg [27]. Following, ellipse formed sizes 
were printed in 10 x 10 mm cubes:

Defect 
Number 

Dimensions of Defects

Major Radius (µm) Minor Radius (µm)

1 500 150

2 450 125

3 400 100

4 350 75

5 300 50

In addition to the defect sizes, another criterion was 
examined in this test series, namely the necessary defect depth. 
If the selected defects are placed too close to the surface, the 
melt pool sinks, and the defects are clearly visible on the 
surface. This means that the formation of hotspots may not be 
due purely to the thermal reaction from inside the component, 
but also to the interaction of the excitation source with the 
surface. This should therefore be avoided for this investigation.

Based on the vertical and horizontal microsection together 
with the visual impression of the surface, the following 
characteristics for the artificially introduced defects were 
found:
• Defect width: 350 to 500 µm
• Defect height: 120 µm
• Defect depth: 160 µm
Figure 5 presents an example for a horizontal micrograph of 
defect width 400, 450 and 500 µm (right to left) and a defect 
height of 120 µm:

Lack of fusion defects provoked directly during production, 
e.g. by reducing the inert gas flow [28], cannot serve as test 
artefacts, as they do not meet criterion 1 or will most probably 
not meet criterion 3. In order to make initial detection easier in 
the subsequent steps, no individual defects in the form of 
ellipses were inserted into the components, but rather elongated 
defects with the specified height and depth, and widths of 300, 
400 and 500 µm (Figure 7).

4.2. Determination of suitable excitation parameters

The energy input while using the laser beam as an excitation 
source is mainly determined by the two parameters laser power 

and scanning speed. In order not to change the microstructure 
of the parts, the maximum scanning speed as well as the lowest 
possible laser power was defined as the starting point and the 
power was gradually increased in a test series. Ex-situ 
preliminary investigations [25] and other state of the art work
[23] had already shown that the reaction behaviour of the 
defects is to be expected in the low ms range and that the 
scanning speed should therefore be set as high as possible.

Parameter 
Combination 

Laser Power [W] Scan Speed [mm/s]

1 40 5000

2 45 5000

… … ….

15 110 5000

16 120 5000

… … …

19 150 5000

The minimum laser power is determined by the dynamic 
application range of fibre lasers from 10 to 100%. The laser of 
the AconityOne has a maximum power of 400 Watt, which 
results in the 40 Watt used for the minimum power. In order to 
better analyse the possible melt pools resulting from the 
parameter combinations shown, no test cubes with complete 
layers were built up, but individual tracks (three tracks per 
parameter combination) were exposed on solid 1.4404
material. To ensure that the surface roughness of the solid 
material is as comparable as possible to additively build up 
parts, the smooth surface was blasted with sand before 
exposure, how it is performed in the usual pre-processing of a 
building plate. After performing the single-track exposure, the 
vertical microsection where etched and analysed.

The analysis of the single tracks showed that already the 
combination with the lowest energy input leads to a melt pool 
depths of 0.031 to 0.041 mm. With increasing laser power no 
increase of the melt pool depth could be detected, which is due 
to the high scanning speed. This remelting needs to be 
examined more closely in further experiments and the effects 
on the mechanical properties must be investigated. However, 
Yasa et al have already been able to identify positive effects 
with 1.4404 through their work on remelting. They were able 
to increase density by reducing porosity and also achieved 
enhanced surface properties [29, 30].

To meet the already defined criteria 2 and 3, the scanning 
strategy of the standard parameters was adjusted in Netfabb as 
follows:
• Modus: Stripes changed to hatches
• Hatch length > part dimensions

Table 2. Investigated defect sizes

Fig. 5. Horizontal micrograph of artificially inserted defects

Table 3. Parameter combinations

Fig. 6. Single track test with melt pool analysis for 40 W
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• Starting angle for hatches: 90-degree angle to the defect 
strips

• Hatch distance: 0.100 and 0.200 mm

4.3. Thermographic Detection

In order to be able to test the parameter combinations 
already used for the single tracks for excitation, test cubes were 
designed, which consist of individual layer stacks. Each stack 
always consists of 5 defect layers, 4 cover layers, the analysis 
layer and 5 intermediate layers. In Figure 7 the structure of 
these defect cubes is illustrated.

At the beginning, 50 full layers were built up in order to be 
able to separate the samples from the build platform afterwards. 
After building up the 5 defect and 3 surface layers, the last 
surface layer was exposed manually to prevent the application 
of the next powder layer. For the analysis layer, a switch from 
the printing parameters to the analysis parameters was 
performed and the exposure with the thermographic camera
was recorded. The following parameters were used:
• Resolution: 256 x 192 Px
• Frame rate: 497 Hz
• Integration time: 0.001 s

The reduction of the used detector section was carried out in 
order to achieve the highest possible temporal resolution of the 
reaction behaviour. This resulted in a detectable area of the
construction panel of 450 x 250 mm, which made it possible to 
place 8 cubes with 10 x 10 mm in the field of view. The 
integration time was determined by pre-tests in order to avoid 
overexposure of the detector, which would have made an 
analysis of the thermograms impossible. Within each 
construction job, two pairs of cubes were provided for analysis 
using the different hatch distances 0.100 and 0.200 mm and the 
19 different laser powers were divided between these two pairs. 
The analysis of the respective thermograms did not take place 
directly after the exposure, but after the test execution. Since 
the integration of active thermography was previously only 
done in hardware but not in software, exposure and recording 
had to be triggered manually. In order to be able to compare the 
reaction behaviour of selected areas nevertheless, so-called 
ROIs (region of interests) with a size of 3 x 3 pixels were placed 
at the same places within the thermograms by orienting them 
to the outer contours of the cubes. Using the start of exposure 
within a video sequence, the reaction behaviour at the same 
point in time was then extracted over the number of images.

In the first step, the general detectability of all three defect 
sizes was investigated. Even with the lowest laser power of 40 
W, hotspots appeared in the recorded thermograms at the 
corresponding points. Figure 8 shows the intensity maximum 
for the defect with the size of 400 µm. This stands out clearly 

from the direct surroundings. The other two defects are also 
visible but have lower intensities. This is due to the fact that the 
defect with 300 µm has already cooled down somewhat at this 
point and the heat accumulation is only formed at the defect 

with 500 µm.
In the next step, the influence of higher laser power on 

contrast formation, the difference between a defect and the 
defect-free environment, was analysed. It was found that 
increasing the laser power also increases the contrast.

The largest increase in contrast can be observed between 40 
and 80 W. Above 80 W, the contrast continues to increase, but 
the increase is significantly lower. In future investigations it is 
therefore necessary to further analyse in detail the effects of 
increased laser power on the mechanical properties in order to 
define the final inspection laser power both via thermographic 
detection and via component properties.

By increasing the hatch spacing, the overlapping of heat-
affected zones of adjacent scans should be reduced, thus 
increasing contrast. On the basis of the results, this behaviour 
could not be determined. The reason for this could be that the 
defect was not hit correctly. According to this, in order to 
reduce the overlap of heat affected zones, it would not be 
necessary to reduce the hatch distances, but rather to delay the 
scans. This has to be checked in case of further iteration loops.

5. Conclusion and Outlook

Within the scope of this work, the detection of local 
imperfections or defects is addressed. A procedure is presented 

Fig. 7. Defect cubes with stacks

Fig. 8. Thermogram with 40 W laser power and 0.100 hatch distance

Fig. 10. Contrast Development with increasing laser power

Fig. 9. Intensity Development with different hatch distances
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to explore the potential of the system laser as an excitation 
source for the detection of local defects in solidified layers 
using active thermography and this procedure was validated for 
a PBF-LB/M system of type AconityONE using a self-
developed integration module. On the basis of the test results, 
the basic detectability of the defects introduced after excitation 
by the system laser could be proven. Furthermore, the laser 
powers of 40 to 80 W were found to be best suited for 
excitation. Larger hatch distances reduced the generation of 
hotspots that were not caused by defects, but they reduced the 
contrast formation between defect and defect free areas.

In the next steps, the investigated defect shapes are to be 
adapted step by step to real lack of fusion defects (oval with 
lengths of 100 to 300 µm), the corresponding reaction 
behaviour is to be recorded and, if necessary, the scanning 
strategy is to be adapted. Based on this, suitable image 
processing methods must then be identified that enable 
automated detection of these defects in the thermograms. In 
particular, research will be conducted to determine whether 
conclusions can be drawn about the defect sizes based on the 
temperature peaks in combination with the defect shape in the 
thermograms.
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