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Abstract 

Despite the capability of fabricating complex and customized components, metal laser powder bed fusion (LPBF) is still affected 
by manufacturing issues, which can lead to significant geometrical and dimensional errors and internal defects. These aspects 
can represent a major barrier to a wider industrial application of LPBF, particularly if considering that relevant applications of 
additive manufacturing are in sectors such as biomedical and aerospace, which have stringent requirements in terms of defects 
and product quality. The requests for precision improvement are orienting research activities towards the development of in-
process monitoring systems able to perform accurate analyses during the fabrication itself, hence providing useful information 
for improving the quality of produced parts. To this aim, several in-process monitoring methods have been proposed in the 
literature to identify and correct out-of-control process conditions. In spite of the aforementioned research efforts, work is still 
needed to reliably correlate in-process measurements to actual defects. The focus of this experimental study is the definition of 
a robust methodology to compare in-process optical acquisitions to post-process X-ray computed tomography (XCT) 
measurements of actual defects. XCT unique capabilities are therefore exploited to support and improve the LPBF process 
through the implementation of an accurate comparison methodology.  

Keywords: X-ray computed tomography, additive manufacturing, dimensional metrology, defect analysis, in-process 

optical measurements 

1    Introduction 

Metal additive manufacturing (AM) is gaining increasing academic and industrial interest due to several advantages, such as 
efficient material use, manufacturability of complex and customized geometries, and enhanced performance-driven engineering 
design [1]. Moreover, the inherent flexibility of this production technology allows a faster industrial reconversion, increasing 
companies’ resilience against market changes or other unpredictable events [2]. 
In particular, this experimental work is focused on laser powder bed fusion (LPBF) of metals, an additive manufacturing 
technology where the feedstock material is in form of a metal powder that is spread on a building platform to generate the so-
called powder bed, which is then processed under the action of a laser. The laser selectively melts the powder at specified 
locations, generating a material consolidated layer as soon as metal solidification is completed. The process is then repeated 
iteratively by adding one layer at a time until the entire geometry is completed. 
Despite the aforementioned advantages, metal LPBF typically suffers from defects formation during the fabrication, including 
internal porosities. The most common internal flaws are known as lack-of-fusion defects, which are a consequence of the 
insufficient melting of powders. Those defects can be clearly identified due to the considerable size and their characteristic 
irregular form, therefore resulting particularly critical, for example for fatigue resistance [3]. The discussed issues constitute a 
major barrier for a wider adoption of the LPBF technology, especially in industrial sectors with demanding standard requirements 
such as aerospace and biomedical [4]. For this reason, reliable metrology solutions are currently needed to improve the 
understanding of LPBF process dynamics and to gain control over the process stability [5]. In this context, X-ray computed 
tomography (XCT) is an attractive solution for non-destructive and holistic post-process evaluations of AM specimens, including 
dimensional and geometrical measurements as well as internal porosity analysis [6]. In order to effectively exploit XCT 
evaluations for process development, the obtained results should be used to study their correlation with specific process dynamics 
and issues, with the aim to prevent future process anomalies and subsequent product failures or rejection caused by unacceptable 
defect rates or geometrical inaccuracies [6]. An interesting opportunity that is gaining increasing attention is the possibility of 
combining XCT post-process measurements with real-time monitoring data on phenomenon and anomalies occurring during the 
LPBF process [7]. This combination has two main objectives: improving the understanding of LPBF process, and validating the 
data acquired on a layer basis during the process, e.g. to take smart and corrected actions through a feedback control loop 
operating on the process itself, towards first-time-right manufacturing.  
Several in-process monitoring systems have already been proposed in the literature, each of them gathering information linked 
to different process levels (e.g. powder bed, scan tracks, melt pool, under the layer) [8, 9, 10]. However, despite the efforts, 
research work is still needed to reliably correlate the acquired signals to the actual flaws [11]. On one side, anomalies detected 
during the process can be altered when generating the successive layers of material. On the other side, the accurate registration 
of in-process and post-process data – which is necessary for a reliable comparison – can be complicated for example by the 
occurrence of after-build shrinkage and/or deformations.  
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The purpose of this study regards the development of an adequate and robust methodology to compare in-process signals gathered 
by optical image acquisition during the LPBF process with actual defects measured by XCT on the fabricated parts, as reported 
in Figure 1. 
 

 
Figure 1: Schematic of the proposed methodology showing the comparison between in-process optically detected anomalies and post-

process XCT measured defects. The comparison is needed to provide robust feedback to the LPBF process and considers both outer 

geometry and inner defects. 

2    Material and methods 

This section describes the materials and methods used for LPBF process monitoring and for the detection and comparison 
between in-process monitoring data and post-process measurement results. 

2.1    Configuration of the in-process monitoring system 

The in-process monitoring system developed in this work is part of the level 1 monitoring, which aims at analysing the quality 
of powder bed and fabricated layers [7]. For this reason, digital images of a field of view that includes the entire building platform 
were captured. More specifically, two images were collected for each layer, one after the recoating action, and the other one right 
after the laser scanning. This work specifically focuses on the latter analysis only.  
The system architecture, outlined in Figure 2, includes a 18 megapixel digital single-lens reflex camera installed with a tilted 
optical axis with respect to the laser beam direction and a side raking light that highlights possible out-of-plane anomalies (e.g. 
lack-of-fusion defects or protruding features) as well as in-plane geometrical defects. This camera configuration is commonly 
known as off-axis positioning [12] and implies the need to correct perspective deformations in the images. In order to perform 
this operation, a calibrated hole plate was imaged onto the build platform using the same optical setup before starting the 
fabrication. The warped image of the hole plate was therefore corrected using a specific routine developed in MATLAB 
(Mathworks, USA) through the determination of the transformation matrix T given in Equation (2.1), as described in [13]: 

 𝑻 = [𝑎11 𝑎12 𝑎13𝑎21 𝑎22 𝑎23𝑎31 𝑎32 𝑎33], 

 
 

(2.1) 

 
where aij is a generic element to be determined. Hence, the image correction takes place according to Equation (2.2):  
 

 [𝑥′ 𝑦′ 𝑤′] =  [𝑢 𝑣 1] ∙ 𝑻, (2.2) 

where [𝑢 𝑣] and [𝑥′𝑤′ 𝑦′𝑤′] represent the coordinates in the original image space and the coordinate in the orthogonal object 

space, respectively [14]. The calibrated distances between the hole plate’s holes were used to determine the transformation matrix 
T from equation (2.2). The derived transformation was then applied to correct the warping on the layer images acquired during 
manufacturing (see an example in Figures 3b and 3c). The pixel size of the corrected images was determined to be equal to 15 
µm. 
 
 

 

 

 

 

 

Figure 2: Schematic representation of the in-process monitoring setup.  
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2.2 Specimens design and fabrication 

The specimens were designed as schematically represented in Figure 3a, to promote the accurate alignment between layers data 
acquired during the LPBF process and the corresponding cross-sections of the fabricated parts reconstructed by XCT. For this 
purpose, sections #1 and #2 (see Figure 3a) were conceived to avoid any symmetry. Cylindrical shapes (sections #3 and #4) were 
instead added on the top to better study the effect related to the light rays’ direction with respect to the optical axis used for image 
acquisition. The specimens’ outer envelope was chosen to be a 5 mm × 5 mm × 7 mm box, to enable XCT scanning at micrometric 
voxel size with the used XCT device (see Section 2.4). Furthermore, the unsupported region of transition between sections #1 
and #2 was purposely included in the design for comparing in-process and post-process evaluations when complex process 
dynamics occur, such as in the case of unsupported overhangs. 

 
Figure 3: Geometry of the fabricated samples (a); optical image of a section 1 layer as acquired in-process by the camera (b); image of the 

same layer after the perspective correction operation (c). 

Specimens were produced via LPBF of Ti6Al4V using a Sisma MYSINT100 system (Sisma SpA, Italy) by varying the process 
parameters through a progressive reduction of the input energy density in order to stimulate the formation of different types of 
defects. This paper especially focuses on lack-of-fusion defects, typically characterized by an irregular shape and by the presence 
of entrapped powder resulting from an inadequate melting of the powder bed. In such cases, because of the presence of powder, 
anomalies in the acquired optical images are expected to appear darker than molten regions due to their lower reflectivity; 
consequently they can be thresholded based on grey-level intensity as described in Section 2.3. 

2.3 In-process optical measurements 

The optical images acquired after the laser action were used to identify: (1) the actual contour of each layer and (2) the possible 
internal sites of porosity. In the first case, the image segmentation was carried out through a local-adaptive segmentation 
algorithm [15], which iteratively modifies the starting contour (obtained from the nominal geometry of each analysed layer) on 
the basis of the variations of grey levels detected along with a specified search distance. Prior to this procedure, a Gaussian filter 
was applied to all images to help the algorithm improve the estimation of local intensity value, as described in [16]. An example 
of contour determination of a layer is reported in Figure 4a,b. The segmentation routine was performed on all the layers of the 
sample and the obtained contours were vertically stacked with a spacing equal to the nominal layer thickness to obtain a 3D point 
cloud. The point clouds were then aligned to the nominal CAD model using a procedure implemented in the software GOM 
Inspect (GOM GmbH, Germany) by performing a best-fitting operation. An example of the resulting aligned point cloud is 
shown in Figure 4c. 

 

 
Figure 4: Layer image after perspective correction and pre-processing operations (a); contour segmentation of the same image (b); point 

cloud to CAD model alignment (c); image resulting from two layers as described by Equation 2.3 (d); outliers detected by thresholding the 

previous image (e). 



11th Conference on Industrial Computed Tomography, Wels, Austria (iCT 2022), www.ict-conference.com/2022 

4 

Another thresholding operation was performed on the same images based on grey level intensity values, to detect possible internal 
anomalies. However, it is important to underline that the detected layer anomalies could sometimes lead to actual lack-of-fusion 
defects in the fabricated parts, but other times could be “cured” during the generation of successive layers as the laser typically 
has a penetration depth exceeding the nominal layer thickness. This aspect motivates the choice of considering couples of 
subsequent images to detect anomalies. In particular, the discrimination of an anomaly is performed by assuming that its 
extension spans at least across two layers, as reported in [17]. 
Each couple of images was elaborated to obtain a third image in which the brightness intensity I(k) for each pixel k is defined by 
the following equation: 
 

 𝐼(𝑘) = max(𝐼𝑛(𝑘), 𝐼𝑛+1(𝑘)), (2.3) 

 
where 𝑛 and 𝑛 + 1 indicate the two images corresponding to the two consecutive layers. The resulting image was then 
thresholded based on the grey level intensity for the purpose of detecting low-brightness regions, which were therefore classified 
as anomalies as those shown in the example of Figure 4e. 

2.4 Post-process XCT measurements 

The fabricated specimens were scanned with a metrological XCT system (Nikon Metrology MCT225), equipped with a micro-
focus X-ray source, a 16-bit X-ray detector with a 2000×2000 pixel grid, high-precision guideways and controlled cabinet 
temperature (20 ± 0.5 °𝐶). The analysed samples were scanned using the parameters listed in Table 1, with a voxel size equal 
to 4.5 𝜇𝑚. A 0.1 𝑚𝑚 copper physical filter was interposed between the X-ray source and the object in order to reduce beam 
hardening. Once the 1800 projections were acquired, they were exploited for reconstructing three-dimensional models of the 
scanned specimens.  
 

Table 1 - XCT parameters 

Parameter Value 

Voltage 180 kV 
Current 38 µA 
Power 6.8 W 

Exposure time 2000 ms 
Frames per projection 1 

Nr. of projections 1800 
Physical filter material Cu 
Physical filter thickness 0.1 mm 

Voxel size 4.5 µm  
 
Next to the reconstruction, the obtained volumes were analysed using the analysis and visualization software VGStudio MAX 
3.2 (Volume Graphics GmbH), with the aim of identifying both the outer surface and the internal porosity. In particular, the 
surface was determined through the local-adaptive algorithm. XCT volumes were then aligned to the nominal CAD model to 
evaluate the actual to nominal deviations, as previously done with in-process gathered data (see Section 2.3). 
Internal porosities were characterized in terms of dimension, shape and spatial positioning by means of the dedicated module of 
VGStudio MAX 3.2. Afterwards, the XCT cross-sections were extracted to be compared with the anomalies detected during the 
process in the corresponding layers. 

3 Experimental results 

In this section, the information gathered from in-process optical images is compared to the results obtained by post-process XCT 
measurements, with the purpose of evaluating potential correlations which are of great importance to reach a deeper 
understanding of LPBF defect formation mechanisms, thus improving the manufacturing process itself. 
Figure 5a shows the deviation maps resulting from the CAD comparisons of 3D point clouds obtained from in-process data (top 
part of Figure 5a) and XCT reconstructions (bottom part of Figure 5a). Such comparisons show that major geometrical deviations 
can be successfully detected using in-process optical analyses, which means that they are generated during the LPBF process. 
Some regions show, instead, differences between deviations detected with in-process and post-process measurements. A part of 
such differences can be caused by the fact that some geometrical deformations only initiate from the cooling phase after the 
fabrication, and cannot be detected during the process. Other inconsistencies in the comparison can be due to the solid-sintering 
mechanism occurring after the layer completion, which can promote the attachment of powder to the outer surface and the part 
growth. In addition, the dross formation under overhang regions is a phenomenon occurring under the currently processed layer, 
so it cannot be anticipated by in-process sensing. The corner region above the overhang shows opposite colours obtained by in-
process and post-process measurements. This is due to the fact that, when changing layer geometry from section #1 to section 
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#2, the surface folds up and the perspective correction does not consider possible out-of-plane deformations, hence resulting in 
an erroneous positive deviation.    
 

0 
Figure 5: CAD comparison related to in-process optical monitoring and post-process XCT reconstruction (a); comparison of in-process 

detected anomalies and post-process defects in one layer (b). 

Figure 5b shows the comparison between possible sites of internal defects revealed during the process and actual defects found 
by XCT during post-process inspection for a specimen manufactured with low energy density. A significant number of false 
positives was found, i.e. anomalies that are only detectable from optical images and that are not connected to any actual defects 
inside the part. With more specific regard to the specimen in Figure 5, almost 70 % of the lack-of-fusion pores detected by XCT 
was correctly revealed by analysing the in-process optical images, while the percentage of false positives was nearly 85 %, under 
the conditions of the preliminary experiments presented in this work. On one hand, as already explained above, the laser typically 
penetrates to a depth exceeding the nominal layer thickness, restoring some defects that were not completely molten at the time 
the optical image was acquired. On the other hand, the false positives may be related to the single lighting direction, which may 
result in the detection of dark areas which are shadows caused by the presence of super-elevated edges or by tilted surfaces 
preventing light reflectivity toward the optical sensor. 

4 Conclusions and future work 

This paper is focused on the development of a methodology to compare results from real-time LPBF process monitoring with 
results obtained by XCT post-process measurements. In this context, X-ray computed tomography acts not only as a flaw 
detection method, but also and more importantly as a fundamental tool for validating and further developing in-process 
monitoring solutions, hence effectively supporting metal additive manufacturing enhancement.  
Thanks to the comparison with XCT data, the capability of the used monitoring system to successfully anticipate major 
geometrical defects was evaluated, as well as current limitations, which are visible for example in differences attributed to 
shrinkage and deformations occurring during the cool-down phase, due to residual stresses accumulated or due to artifacts caused 
by perspective correction. With regard to internal defects, under the conditions of the preliminary experiments presented in this 
work, 70 % of the actual porosities were properly revealed, while 85 % of false positives were also detected after image 
processing. 
The combination of XCT post-process measurements with machine learning algorithms is expected to produce improvements of 
in-process monitoring and active process control, so this will be kept into consideration for future works. Regarding the 
improvement of defect detection rate with optical monitoring systems, multiple lights can be beneficial for false positives 
reduction and will be further investigated by comparing the obtained results with XCT post-process measurements.  
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