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Abstract. Additive manufacturing (AM) processes are based on localized melting of 
successive layers of powder. For the production of metallic components Selective 
Laser Melting (SLM) is one of the most prominent techniques. In comparison with 
conventional subtractive manufacturing, AM techniques have a large potential in 
new component designs and in saving resources, thus being particularly interesting 
for the production of geometrically complex aero engine components. We report on 
recent investigations and illustrate that online recorded A-scans allow inferring 
conclusions about the quality of the SLM process - layer by layer. We introduce a 
‘smart’, additively manufactured test block for online process control and offline 
materials characterization using ultrasound. 

1. Introduction  

Additive manufacturing (AM) processes are based on localized melting of successive layers 
of powder. Different techniques are available for polymers and metals, where Selective 
Laser Melting (SLM) is one of the most prominent techniques for the production of 
metallic components. For titanium and nickel alloys, but also several austenitic stainless 
steels, additively manufactured parts can be produced with mechanical properties which are 
comparable to those of conventional cast parts. However, in comparison with conventional 
subtractive manufacturing, AM techniques provide considerably more freedom in designing 
and have a tremendous economic potential in view of saving resources.  
 Thus, AM is particularly interesting for the production of geometrically complex 
aero engine components. Such sophisticated components are manufactured at MTU from 
the heat-resistant nickel alloy Inconel 718. To comply with the high safety standards, 
quality assurance is pursued using various online and offline techniques such as materials’ 
science investigations (metallographic inquiries, tensile tests) as well as nondestructive 
inspections. Online measurements are performed using optical tomography and ultrasound. 
 Our recent investigations have shown that the process parameter ‘laser power’ has a 
considerable influence on the microstructure of the manufactured component. In this 
respect, we report on online investigations where the recorded A-scans allow inferring 
conclusions about the quality of the SLM process - layer by layer. On the basis of the 
results obtained so far, we have developed a ‘smart’, additively manufactured test block for 
online process control and offline materials characterization using ultrasound. We show 
representative results and discuss their impact on future developments. 

More info about this article: http://ndt.net/?id=19607

http://creativecommons.org/licenses/by-nd/3.0/


2 

2. Online and Offline Procedures for Quality Assurance in AM 

The most frequently applied technique for layer manufacturing of metallic objects is 
powder bed fusion. Here, a laser beam melts the metal powder layer-wise according to a 
CAD-file of the component to be built. The technique has been established e.g. for several 
stainless steels as well as titanium and Inconel alloys. At MTU, Selective Laser Melting is 
used for aero engine components made of Inconel 718, employing six SLM production 
machines (EOSINT M 280, [1]) to investigate and enhance the manufacturing of high-
quality parts. Also, an SLM technology machine is used for specific investigations; the 
results presented in this contribution have been obtained on this machine. 

Due to the complex processes inherent to SLM, high-end quality assurance (QA) is 
demanded. The usual QA-procedures include the control of the machine parameters with 
respect to process stability and repeatability as well as metal powder control in view of the 
chemical composition, particle shapes, sizes and size distributions. At MTU Aero Engines 
particular high-quality standards are pursued [2, 3], where additional measures for QA have 
been developed and implemented to monitor each layer surface during the build-up process. 
Optical tomography (OT) is applied to monitor hot-spots, which might indicate the 
formation of possible defects [4-6]. Indications obtained by online OT-monitoring are 
correlated with off-line X-ray micro tomographic investigations [7]. After production, the 
manufactured parts are examined in view of deviations from the CAD-geometry using e.g. 
fringe projection methods. X-ray and fluorescent penetrant inspection (FPI) methods supply 
information about porosity and the presence of surface defects. The set of MTU’s QA-
measures is complemented by materials testing where tensile tests and low-/high-cycle 
fatigue tests are employed for material characterization [2]. 

To complement the already implemented OT-monitoring of the welding process, an 
ultrasonic monitoring system has been integrated into the SLM technology machine to gain 
additional information about the manufacturing process and the state of the built-up 
component. The ultrasonic monitoring system and the results obtained so far have been 
described in [8]; a short summary of the system is given in the following chapter.   

3. Ultrasonic Monitoring – Approach and System 

The ultrasonic monitoring of the layer build-up during the manufacturing process aims at 
the observation and/or surveillance of parameters which are only accessible online. It is 
desired to extract information about the dynamics of the layer build-up, the interface 
coupling, the local material properties as well as the formation of porosity and distortions 
due to thermally induced residual stresses. In the approach we have chosen, one or multiple 
(currently up to four) ultrasonic transducers can be fixed at the lower side of the build-
platform. Figure 1 shows the setup with one fixed probe and the sealed installation of the 
rf-cabling underneath the build-platform. We use commercial probes; in the example given 
in the next chapter we have used an unfocused 10 MHz normal incidence probe of 6.3 mm 
(¼ inch) diameter generating longitudinal waves. It has been glued to the platform after 
grease coupling had been applied. The platform is installed in the build-chamber, where the 
manufacturing process is performed in an inert gas atmosphere, heated up to 80° C. 

The four-channel ultrasound transmit-receive monitoring and inspection system is 
PC-based. Its main characteristics are: bandwidth ranging from 400 kHz up to 30 MHz, 
data acquisition rate 250 Mega-samples per second, 14 bit resolution, time- and event-
controlled monitoring with up to 1000 A-scans per second, process-induced triggering, 
integrated DSP-functionality and online/offline visualization capabilities. Ultrasonic signals 
with a temporal resolution of up to 4 nanoseconds can be recorded. The data acquisition is 



3 

performed layer by layer, as it is synchronized with the start of each layer-wise welding 
process triggered by the EOS machine. During welding, the ultrasonic signals are recorded 
within an adjustable time window and the rf-signals are simultaneously visualized. The 
signals are stored and can be further processed, which is currently done offline. Data 
acquisition can currently be performed for build-jobs of up to 8 hours duration. Figure 1 
shows the system integration and test at MTU Aero Engines. 

 
Fig. 1. Integration and test of the monitoring system in the AM-lab at MTU Aero Engines.  

4. Monitoring the Layer-by-Layer Build-up  

The stability of the laser melting process is crucial for the quality of the manufactured parts. 
Variations in the process parameters lead to changes in the microstructure of the built 
component. Especially the variation of the laser power applied in the melting process can 
lead to the development of excessive porosity. In order to gain information about the 
influence of varying power of the melting laser beam on the parts’ microstructure, we have 
monitored the fabrication of a respective specimen. It was specifically interesting whether 
changes in the laser power would give rise to indications in the ultrasonic signals. The 
thicknesses of the different sections built with varying laser power are schematically shown 
in Figure 2, left. The recorded A-scans are plotted versus the build-time in Figure 2, right. 
This B-scan clearly shows the backwall echo, which moves up as the specimen build-up 
height increases. Also, the start and the end of the build-process with 50 % power can be 
identified from the signals reflected at the interface between the well-melted sections and 
the defective section, indicating a definite and detectable change in the material properties. 
Finally, the section built with only 25 % power has no sufficient coupling to the preceding 
layers, so ultrasound cannot be propagated into the upmost section. This can be clearly seen 
from the backwall signal which remains at the same position once the build-up height has 
exceeded 12 mm. 

After manufacturing, the specimen has been examined by X-ray Computed 
Tomography. From the CT-image shown in Figure 3, the defective nature of the 
microstructure produced with reduced laser power can be recognized. Also, an interesting 
correlation between the monitored ultrasonic B-scan and the CT-image is evident. 
Subsequent metallographic examinations have revealed that considerable amounts of 
porosity, evaluated by image processing, have been produced in the corrupted sections. The 
strong reduction of laser power down to 25 % leads to a high amount of porosity (30 %) 
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and thus lack of fusion at the interface between this section and the sane section below. Due 
to the fact that even the small amount of 3 % porosity in the 50 % section leads to distinct 
interface reflection signals, we are confident that even lower amounts of porosity, related to 
smaller reductions in laser power, are detectable during ultrasonic monitoring. 

5. Fabrication of Model Defects and Reference Markers – Smart Test Block 

Given the controlled stability of the process parameters it is possible to reliably produce 
highly sophisticated functional components. This specifically concerns new designs with 
delicate internal structures.  
 

 

             
Fig. 2. Schematic representation of the variation of laser power and the corresponding sections (left); the 

monitored signals plotted versus the build-time are shown on the right.  

       Fig. 3. A direct comparison of the monitored ultrasonic B-scan with the CT-image shows an excellent 
correlation of the ultrasonic features with the specimen’s microstructural appearance. 

 



5 

From our specific NDT point of view, the SLM process is thus also well-suited for 
the fabrication of calibration test blocks with application-specifically designed model 
defects. In first investigations, we have manufactured e.g. cylindrical specimens with voids 
as internal defects. These defects have been implemented as spheres and half-spheres of a 
certain diameter, filled with non-melted metallic powder. The micrograph images shown in 
Figure 4 reveal that these model defects can be manufactured very accurately. Thus, e.g. the 
fabrication of test blocks with ‘small’ disk-like reflectors can be addressed which might be 
difficult with other, conventional methods like drilling. 

        
 

       Fig. 4. Micrographs showing the accurately produced voids of spherical and half-spherical shape.  
 

Another interesting application in view of the AM process itself is the local measurement of 
sound velocities and thus of elastic material parameters. In our previous investigations [9], 
we have shown that the sound velocity can be monitored during the specimen build-up 
layer-by-layer. Additional information can be extracted from the offline examination of 
specifically designed specimens.  

In this respect, we have manufactured a smart test block as shown in Fig. 5. The test 
block has been built-up as a half-cylinder with a radius of 50 mm and a width of 30 mm. It 
contains nine reference markers implemented as hollow cylinders of 1 mm thickness and 
diameters of 2 mm, 3 mm and 4 mm, increasing with depth. The markers are separated by 
10 mm, the first one being located at 10 mm from the planar surface. Their orientation is 
parallel to the surface for the center markers, while the outer markers are tilted by +30° and 
-30°, respectively. A CAD-model of the test block is shown in Fig. 5, right. 

The manufacturing process has been monitored online by optical tomography; a 
representative OT-image is shown in Fig. 6, left. The markers, i.e. the non-melted areas can 
be clearly recognized. In this image, the brighter appearing lines indicate the zones where 
the laser beam overlaps during the layer-wise melting of the metallic powder. The offline 
X-radiographic image shown in Fig. 6, right, reveals that no other deficiencies have been 
produced. 

 

 
 

 
 

       Fig. 5. Smart test block with coordinate system (left) and CAD-model, sliced in the center plane (right). 
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Fig. 6. Topview OT-image recorded during the manufacturing of the test block (left) and offline X-
radiographic image (right), both showing the positions of the reference markers. 

 
This specific design allows to measure the times-of-flight and thus the ultrasonic 

velocities in the regions between the surface and the markers. For the time being, we refer 
to the center markers (designated by M1, M2 and M3) and transverse/longitudinal waves at 
normal incidence. Since the marker positions can be manufactured with high accuracy, the 
sound velocities can be measured highly accurately as well, thus revealing information 
about variations due to stresses, textures or process instabilities. The markers tilted by 30° 
have been implemented to infer further information about possible anisotropies and other 
spatially dependent properties, respective measurements will be performed in due course. 

Due to the curvature, the backwall signal cannot be exploited for exact 
determination of the velocities in the region between marker M3 and the backwall (BW). A 
typical echo sequence used for time-of-flight determination is displayed in Fig. 7. Table 1 
shows the ultrasonic velocities determined for longitudinal (Vii) and transverse waves (Vij) 
for the two accessible propagation directions. The values determined for the region between 
the planar surface (S) and marker M1 show some deviation from the other values, a fact 
that has to be clarified. The transverse wave velocities V21 and V23 obtained at three 
different positions (K2-K4) on the test block differ by more than 10 % revealing a strong 
texture in the 1-3-plane which is parallel to the melted layers. As expected for 
orthorhombic textures, the velocities V32 and V23 correlate quite well; also, V31 and V32 are 
only slightly different indicating that the elastic properties in the 1-2-plane can be 
considered to be quasi-isotropic. 

 
Fig. 7. Echo sequence evaluated for time-of-flight determination. 

Table 1. Ultrasound velocities Vij determined for the smart test block, where ‘i’ designates the propagation 
direction and ‘j’ the polarization direction with respect to the coordinate system shown in Fig. 5. 

 Velocity [mm/µs] 

 V31 V32 V33 

S-M1 2.866 2.918 6158,5 
M1-M2 3.012 3.035 5879,6 
M2-M3 3.006 3.010 --- 
S-M3 2.963 2.989 --- 

 

 Velocity [mm/µs] 

 V21 V23 V22 

K2 3.368 2.991 5.930 
K3 3.366 2.982 5.941 
K4 3.384 2.989 5.939 
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The test block has been manufactured and subsequently stress-relief annealed 
without the usually applied precipitation-hardening process. This process will be performed 
in due course and it is then particularly interesting to check on possible changes in the 
ultrasonic velocities and thus the material characteristics. 

To complement our experimental investigations, we have performed ultrasonic 
inspections of the test block. Figure 8 shows the center B-scan of the RF-dataset acquired 
by mechanized inspection using a 5 MHz normal-incidence probe in contact technique. The 
reconstructed B-scan image obtained using the Synthetic Aperture Focusing Technique 
(SAFT) is also shown. The perpendicularly oriented markers can be clearly visualized, 
while from the tilted markers only the signals diffracted at the edges can be recognized. 
 

 
 

 
Fig. 8. Center B-scan image of the mechanized inspection at normal incidence (left) and the 3D-SAFT 

reconstruction (right). The tilted defects can only be recognized by the signals reflected at the marker edges. 
The signal between the lowest marker and the backwall is due to multiple reflection. 

 
Figure 9 shows the results obtained by phased-array inspection at 5 MHz frequency 

using a commercial linear array probe (type Olympus 5L16-A10, 16 elements, 0.6 mm 
pitch). In the resulting S-scan images all markers can be nicely visualized; also, the 
backwall and the multiply reflected signals can be recognized. 
 

 
 

 

 
Fig. 9. Manual phased prray inspection at 5 MHz and the resulting S-scan image. 
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6. Conclusion and Outlook 

The obtained results are encouraging and have shown that ultrasonic online monitoring of 
the complex AM processes through the build-platform can be exploited in view of various 
aspects [9]. The characterization of material properties layer-by-layer, i.e. down to a 
resolution of 40 µm, and the direct correlation of the ultrasonic signals with porosity 
generated by process instabilities are further potential applications. Our approach is limited 
to parts with non-complex geometries, but particularly interesting for process control or 
post-maintenance build-chamber control by monitoring the build-up of reference parts. 

In view of offline investigations, the presented smart SLM test block concept with 
reference markers allows to access several features such as the measurement of sound 
velocity and its variation due to microstructural parameters like anisotropy, the 
measurement of the marker signal amplitudes and of other parameters. We have started 
with a planar arrangement of the markers, which can be evaluated with a linear array 
transducer. The next step will be the build-up of a bi-axial test block and the application of 
a 2D-array, thus information about the full 3D-characteristics can be acquired. 

For series production of additively manufactured components it is highly beneficial 
to fabricate such accompanying smart test specimens in each build-job. This allows for a 
quick offline evaluation in terms of the produced ‘quality’ and can e.g. be automated on the 
basis of phased-array inspection. Moreover, since the examinations are performed offline 
the proposed procedure is independent of the manufacturing device. This is particularly 
interesting in terms of standardization and relates to NIST’s test artefact activities [10]. 
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