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Abstract. Selective laser melting is a promising technology for additive 
manufacturing of complex shaped parts. The technique uses metallic powder as 
starting material and a laser for melting and building-up parts layer by layer. During 
build-up small defects can arise, impossible to detect by non-destructive testing after 
the SLM-process, but having strong impact on the quality of the SLM-parts. 
Therefore, in addition to standard non-destructive inspection techniques, a new in-
process monitoring tool was developed and integrated into SLM machines: the 
optical tomography (OT). By using x-ray micro focus tomography on specially 
prepared samples OT-indications could be correlated to real defect sizes. Together 
with statistical evaluation of the OT-indications the optical tomography has evolved 
from an in-process monitoring tool into a powerful in-process control tool.  

Introduction  

Additive Manufacturing (AM) processes have been investigated since the late 1980s and 
some of them have become commercially available in the recent years. With Selective 
Laser Melting (SLM), components can be produced by localized melting of successive 
layers of metal powder [1]. A fast scanning laser beam is steered to selectively melt the 
metal powder on the basis of CAD-data (Fig.1).  

 
 

                                        
 

FIGURE 1. Schematic representation of the selective laser melting setup. 
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In comparison with conventional manufacturing techniques, this method allows 
considerable more freedom in designing and has also a tremendous economic potential. 
Thus, it is particularly interesting for the production of geometrically complex components.  

 
Selective laser melting is the most frequently applied technique for layer-wise 

manufacturing of metallic objects. At MTU, selective laser melting is used for aero engine 
components made of Inconel 718. Additional to a specifically installed SLM technology 
machine, six SLM production machines (EOSINT M 280) are employed to investigate and 
enhance the manufacturing of high-quality aero engine parts [2]. In order to be able to 
describe and to understand the complex dynamics of the SLM processes more accurately, a 
new online process monitoring tool was developed and applied for the first time. In this 
contribution, we report on this tool and the further development to an in-process control 
tool. 

Quality Assurance 

Quality Assurance Concept 

To use additive manufactured parts in aero engines the quality of the complete process 
chain has to be assured [3] [4]. This begins with the qualification of the metallic powder. 
Chemical composition, particle size, shape and size distribution and maximum levels of 
oxygen contamination are some features which have to be supervised and have to meet the 
requirements. The next step is to provide a stable and reliable production system. Therefore 
machine parameters have to be measured and controlled, for instance the composition of 
the inert gas atmosphere. Then, the process itself has to be supervised online. Some 
supervised parameters are  the laser power, the scanning speed, the layer thickness of the 
powder and the accuracy of the laser lines.  

The last step is the testing of the final part. Metrology and some kinds of non-destructive 
testing are necessary to assure that part geometry is correct and represents the CAD-
geometry as well as that the part has no flaws. Figure 2 shows the four steps of the quality 
assurance concept.    
                                                         

 
FIGURE 2. The four steps of the quality assurance concept. 

 
For conventional non-destructive testing MTU uses the fluorescent penetrant inspection 

(FPI) and X-ray tomography. The methods are applied to select parts with surface cracks or 
internal defects like voids and pores. In addition with each build job some test specimens 
are also produced on the same platform. These specimens are needed to get material data 
and to make metallographic inspections. 

Unfortunately, there might be a special defect type inside the produced part which is not 
detectable by conventional NDT techniques: the lack of fusion (Fig. 3). This defect type is 
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neither accessible for FPI (not reaching the surface) nor for X-ray inspection (too small in 
volume). Furthermore this defect can be caused by poor shielding gas flow quality leading 
to randomly occurring process deviations, which makes the defect even inaccessible for 
destructive testing of process samples [5]. 

 

 

FIGURE 3. Typical lack-of-fusion defect produced by process deviation. 
 
This is the reason MTU has developed an online process monitoring tool in order to 

observe the melting process as well as each build up layer completely. If there are 
deviations from the normal melting process than there is the possibility for the occurrence 
of tiny lack of bonding defects. 

                                         

In-Process Monitoring Principle 

To complement the already implemented off-line quality assurance and to avoid defects 
of type "Lack of Fusion" in final parts MTU has developed an on-line process monitoring 
technique called "Optical Tomography" (OT). The basics of this technique are quite simple: 
an optical camera with high lateral resolution is observing the top layer on the build 
platform during the melting process. Instead of high speed image capture or any kind of fast 
following of the laser trace, here a simple long time exposure is used (see Fig. 4a). As seen 
in Fig. 4b when taking a long time exposure of a downtown traffic at night, the traffic 
density becomes visible in form of the brightness of the different lanes. 

Applying this technique to  the SLM-process the part contour as well as the laser energy 
input per laser trace length become visible (Fig. 4c). Beside the actual laser trace also any 
other hot or longer lasting light emitting event in the layer is recorded. An advantage of this 
kind of monitoring with an optical camera is the fact that the sensitivity of the sensor 
reaches down to the near infrared region. Therefore even for human eyes invisible near 
infrared emissions on the top layer of the platform are captured with a high signal to noise 
ratio. A more detailed description of the OT-technique can be found in the literature [6] [7]. 

 
 

                  
    
          a)              b)             c) 

FIGURE 4.  a) Principle of the OT technique. 
  b) Long time exposure of traffic at night. 

                                                                        c) Long time exposure of SLM process. 



4 

In-Process Monitoring Realization 

For realization of the in-process monitoring a sCMOS-camera with 5 Megapixels 
resolution was selected. That allows the monitoring of the complete platform with a lateral 
resolution of 0.1 x 0.1 mm². A near infrared filter was chosen to block the reflections of the 
1064 nm laser light and the emissions from the ionized gases (400 – 600 nm). The captured 
data were processed for noise reduction and then analyzed for any deviations of the 
standard SLM-process [8]. The whole equipment was integrated into an EOS M280 
machine (Fig. 5). In the near future this monitoring system will be commercial available by 
EOS.  

       

      
 

FIGURE 5. High resolution VIS-camera and SLM-system integration.  
 

MTU currently operates six machines of the type EOSint M280, which are equipped 
with OT systems. Without major modifications, the system is modular mountable to any 
SLM machine. 

 

In-Process Monitoring Results 

After the melting and solidification of each layer is completed one long time exposure 
image is stored as false color picture on a PC. This process is realized in real time, so there 
is no loss of information during the complete build job. Some of the features which can be 
obtained by this technique are changes of the laser energy input into the powder bed, 
deviations of the normal melting process which can lead to the appearance of lack of fusion 
defects and the real geometries of the built parts (also the internal structure) with high 
lateral resolution (Fig. 6a-c). 

 

 
      FIGURE 6. a) OT image of small cubes produced under variation of laser energy. 
                                                  b) OT image of a cylinder produced under variation of shielding gas flow. 
                                                  c) OT image of boroscope bosses without any defects.            

a) b) c)
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A further advantage of the optical tomography is the possibility to collect all images of 
the build job and feed them into a 3D rendering algorithm as it is used for X-ray 
tomography. When doing this one gets impressive semi-transparent 3D representations of 
the whole build job and of every produced part (that was also the reason for the wording of 
this monitoring technique). Areas in which lack of fusion defects may appear becomes 
clearly visible in size and position as can be seen in Fig.7 a-c.  

 

 
 

FIGURE 7. 3D rendering of specimen without a) with one b) and with many process deviations c). 
 

 

In-Process Control 

The correlation of OT data with real structural defects in the material is an essential base 
for a successful use of OT for process testing and control. Figure 8 shows an array of 24 
cylinders, purposely built by localized  selection of insufficient process parameters. By 
continuously producing defective samples and thru the correlation to the acquired data the 
determination of a POD curve for various OT indications is possible. 
 
 

               
 

FIGURE 8. Array of specimens with forced deviations of correct process parameters (left). Some typical OT images 
obtained during build-up (right). 

 
 

a) b) c)
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Four batches of  24 cylinders were produced, monitored by OT and  inspected by a high 
resolution X-ray tomography. 44 lack of fusion defects, different in size, were found and 
quantified in size and location (Fig 9 a). Finally, these localized defects were prepared for 
metallographic analysis (Fig. 9b). All indications could be verified in size and shape.  

 

                              
a)                                                            b) 

FIGURE 9. a) High resolution X-ray tomography of a layer with lack of fusion defects. b) Metallographic cross section 
of the same layer. 

 
Then, an algorithm was developed to correlate the OT indications (using special features 

and characteristics) with the real defect sizes [9]. This correlation was analyzed by the well-
known POD software following the MIL-HDBK 1823 standard [10].  

As result the in-process control by OT is now quantitative and allows the detection of 
tiny lack of fusion defects (0.15 mm in mean diameter) with a 90/95% POD (Fig. 10).  It 
has to be highlighted that none of the thousands of tested layers showed any defect when 
the OT system did not indicate a process deviation. Correspondingly the material is free of 
defects as long as no indication of the OT system has been detected. 

 
 

                     
 

FIGURE 10. The 90/95% POD curve for the detection of 150 µm lack of fusion defects.  
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First Serial Part Production 

The OT in-process control was integrated in the EOS machines. Boroscope bosses, 
auxiliary parts on the outside of the case of low pressure turbines, are the first serial parts 
produced by selective laser melting at MTU. The OT system monitors the complete build 
job to 100%, layer by layer. Any deviations of the SLM process are detected, quantified 
and – if outside the specification limits – lead to sort out the specific part. Now, after the 
completion of all four quality assurance steps, the boroscope bosses are approved to be 
mounted on a civil aero engine, the geared turbofan PW1100G-JM from Pratt & Whitney 
(Fig. 11). 

 

                               
 

 FIGURE 11.  Additive manufactured boroscope boss.              
                            

Summary  

The additive manufacturing technology is very powerful and useful for the aerospace 
and aviation industry because there is a need for the production of a lot of different 
complex shaped parts with lowest weight. But, to use these parts high quality requirements 
have to be fulfilled. 

After the quality of the complete process chain was assured the first serial part for aero 
engines was produced. An important part in the quality assurance is the in-line process 
monitoring. Here a new monitoring tool was developed, the optical tomography. 

This tool was developed further to evaluate the technique in regard of defect size, 
detection limits and probability of detection. Now, the technique is ready for quantitative 
in-process testing and control. It is used for a 100% in-process control of the first MTU 
SLM part in a civil aero engine.       
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