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Abstract (Style Abstract) 

Laser based additive manufacturing (AM) of metallic parts induces high residual stresses in the final 

parts, caused by high thermal gradients during processing. Such residual stresses are detrimental to the 

part integrity and its mechanical performance and can lead to part deformation during and after the 

manufacturing process. Electromagnetic (EM) sensing methods such as Barkhausen Noise (BN) and 

Eddy Current (EC) have shown capabilities of measuring residual stress states in metallic materials.  

However, no studies have been focusing on the combination of AM and EM to monitor the residual 

stresses state during. This study focusses on the analysis of the application and limitations of such 

electromagnetic sensing methods on AM samples manufactured in stainless steel 316L and a hot tooling 

steel maraging steel 300.  

This study proposes the investigation of the sensitivity of different EM techniques to different stress 

levels in the AM fabricated samples and compare EM sensors output to absolute measurement 

techniques such as XRD. The presented results are promising to start further experiments with 

electromagnetic methods on AM parts, especially showing that BN is usable to differentiate between 

different stress states; opening thereby a new field for online monitoring of metal-based AM-processes. 

 

Keywords: additive manufacturing, LPBF, SLM, electromagnetic, barkhausen noise, eddy current, 

XRD.  

1 0BIntroduction  

Selective Laser Melting (SLM) (PBF-LB/M according to ISO/ASTM DIS 52900:2018), commonly 

Laser Powder Bed Fusion (LPBF) is one of the most promising Additive Manufacturing (AM) 

technologies for the manufacturing of metallic three-dimensional structures having sizes ranging from 

tenths of millimetres to tenths of centimetres [1]. As noted by Bourell et al. [2], Schmidt et al. [3]  and 

Patterson et al. [4] in several review papers; the residual stresses remaining in the parts are identified 

as a bottleneck for further technology development. Leading to in process deformation, build job 

interruption and critical part distortion after removal from the build plate, the residual are an inherent 

characteristic of the process due to the high temperature gradient induced by the laser beam. And 

according to Kruth et al. [5] this strongly depends on the Marangoni convection. Indeed, the extremely 

fast temperature change in the process is leading to two phenomena. Both the temperature gradient 

mechanism (TGM) during the heating phase and a thermal shrinkage of the solidified melt-pool during 
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the cooling phase yield to the formation of high residual stresses as a result of surrounding solid material 

constraining the solidification of the molten material [6].  

Independently from the manufacturing technique, all metallic materials are subject to residual 

stresses either coming from mechanical or thermal solicitation during the manufacturing process. 

Several researches have been performed to characterise residual stresses induced by the LPBF process. 

The different mechanisms of residual stresses formation are having different scales, and are classified 

in three types as suggested by Withers et al. [7], being the atomic level (type III), the grain level (type 

II) and the macroscopic level (type I). For each stress type specific tools and methods for quantification 

are used. However these methods which do not permit the quantification of the other types. The residual 

stresses studied in most of the literature about the LPBF process are from type I, being macro-scale 

stresses, as these stresses are the most relevant in terms of part deformation. Measurement methods 

such as geometrical deformation permit a qualitative assessment of the residual stresses magnitude 

using a beam curvature after removal of the support structure binding to the build plate, as used by 

Safronov et al. [8], while Ghasri-Khouzani et al. [9] used the overall deformation of disk artefacts for 

the same purpose. However, the use of neutron diffraction [9, 10] or the hole drilling method [11] permit 

a better understanding of the residual stress profiles over the depth of a sample. Bartlett et al. [12] 

proposed a new methodology to in-situ monitor residual stresses during the LPBF-process, by using 

digital image correlation. These results permit to establish stress maps for simple geometries. The 

authors also highlighted the high dependencies of the stress state on the geometry of the sample. X Ray 

Diffraction (XRD) measurements have been performed to assess the stress state in a surface near region, 

hence within the last top-layer of the sample. Vrancken et al. [13] used XRD to identify that the main 

stress direction is in the scan direction, while Mercelis et al. [6] applied chemical etching to assess the 

stress state of layers beneath the top layer, giving information about the stress profile.  

Researchers have also try to implement monitoring of the LPBF process. Notably, we can distinguish 

two categories: the in-line monitoring aiming at monitoring the melting which detects defects during 

this phase; and the layer-by-layer monitoring. The latter aims at detecting defects between two layers, 

either after melting, during recoating or after recoating. As an introduction to the topic, and to the 

presented study, the author focuses on the second category. 

Kleszczynski et al. [14] used acceleration sensors mounted on the recoating device. By monitoring 

the forces applied during recoating, the authors were able to detect sections with elevated part regions 

in the powder bed, created by arising stresses in the material. This acceleration measurement was 

coupled with high resolution images shot from outside of the processing chamber. This approach was 

relatively successful and easy to implement. Particularly, they focused on the detection of critical free 

overhanging parts. Furthermore, they used this approach to stop the build process in cases of critical 

part elevation. Aminzadeh et al. [15] acquired high resolution imaging of the molten layer, and 

identified different quality of the top layer. Further, they trained a Bayesian classifier to automatize the 

detection of porosity and bad material quality. Such approaches could also be employed to detect part 

elevation or deformation in comparison to the optimal geometry from the CAD. Another approach is 

presented by DePond et al. [16] using low coherence scanning interferometry. This method allowed to 

measure the top layer roughness on every layer of the build. This supports deeper understanding of the 

influence of scanning strategies and process parameters on the surface roughness and the behaviour of 

the part during the build. Similarly, Neef et al. [17] also used Optical Coherence Tomopraphy, offering 

benefits for layer-wise and continuous scanning. Barrett et al. [18] used a laser line scan profilometer 

to scan each solidified layer and recognize the formation of defects.  

However, so far not sufficient work has been put into the characterisation of the residual stresses 

using electromagnetic methods (EM), and their potential for process monitoring and in-process build 

parameter correction. Hence, this paper intends to advance the state of the art in the comprehension of 

these phenomena. By the characterisation of the residual stresses and the correlation with EM 

measurements, this paper aims at providing a comparison basis for the understanding of the residual 

stresses in LPBF in and after the process. 
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2 1BMaterials and Methods 

2.1 5BSample definition and LPBF parameters 

A ConceptLaser M2 machine, equipped with a SPI 400W Nd-YAG laser source operated in continuous 

wave mode, was used. The laser spot diameter in the processing plane was 130 µm. The slicing 

thickness (𝐿) and hatching distance (ℎ) were respectively of 40 µm and 90 µm. The scanning strategy 

used was a bi-directional strategy. 

Prior to any EM measurement a combination of process parameter leading to a material density of 

ρ≥99.5% was developed for each laser power level (P) by producing cubes of 10x10x10 mm3. By the 

variation of the scanning speed (v) samples were produced and measured for P = 150 W, 200 W, 250 

W, 300 W, and 350 W. The common characteristics to all process windows is that they use the same 

volumetric energy density range, 𝑒𝑑, as defined in Equation (1). 

 

  𝑒𝑑 =
𝑃

𝐿∗ℎ∗𝑣
  (J. mm−3)      (1) 

 

The processing windows where developed for two commonly used materials in additive manufacturing. 

A non-ferromagnetic stainless steel, SS316L and a ferromagnetic hot tooling steel, Maraging Steel 300 

(MS300).  

Further, one sample per power range samples of 40x40x10mm3 were produced to perform the BN 

measurements of the ferromagnetic material. For the stainless steel, 3 samples of 120x60x10mm3 of 

dense material were manufactured at a laser power of 250 W with two different scanning strategies. 

The first strategy was a bidirectional strategy, which should induce high stress in the direction of the 

scanning. The second strategy is an island strategy mitigating the stress other the sample. A third sample 

is fabricated with the bidirectional strategy and stress relieved at 800°C according to Kurzynowski et 

al. [19]. 

2.2 6BAnalysis 

The material density analysis was performed with a non-destructive density measurement methodology 

using Archimedes’ principle applied in acetone. As pointed out by Spierings et al.[20] this analysis is 

easy and yields to quick and reliable results in comparison to other analysis methods, e.g. X-ray neutron 

imaging, or optical micrograph analysis. 

The residual stresses were measured using an X Ray Diffractometer Stresstech Xstress 3000 G3 

using Mn radiation at wavelength of 0.2103 nm, equipped with a 3 mm diameter collimator.  

The Barkhausen Noise measurement were conducted using a Stresstech Rollscan 350, equipped with 

a 20x20 mm2 flat sensor. The samples were tested in 5 different locations as per the schematic in Figure 

1. and this for 5 different frequencies between 50 Hz and 250 Hz. All samples were tested at all locations 

before changing the frequency. The magnetization voltage was adjusted for each frequency. 
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Additionally, other EM measurement where led on the stainless steel samples with a inductive near 

–EC sensor made of two coils of 60 mm in diameter. This measurement was done at multiple 

frequencies between 16Hz and 1024 Hz up to the 7th harmonic. An Eddy Current measurement was also 

performed using a Fischer Scope MMS with a probe EGAB 1.3 FE.  

 

3 Results and Discussion 

3.1 Process window development 

All processing windows, for both materials, present the typical AM density-gain curve reaching a 

density plateau around 99.5% as shown in Figure 2.  

The selected parameter to manufacture the MS300 sample are selected to have the same energy input 

of 66.3 J/mm3 at all laser power and reaching the foreseen density. 

Figure 1 – BN Measurement sequence for the 40x40x10mm3 samples 
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Figure 2 – BN Measurement sequence for the 40x40x10mm3 samples 
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3.2 Barkhausen Noise and XRD measurement 

The XRD measurement showed stress variation on the top surface of the sample, as per Figure 3. In the 

direction of the melting track, compressive stress of different magnitude can be observed. This 

formation of compressive stress along the scan track is a typical effect of the process, and is online with 

previous study from the authors. The variations of these stresses is mainly due to the width of the melt 

track. Indeed, even though all the samples have the same volumetric energy input, the way this energy 

is brought to the powder is different due to the different scanning speed and laser power.  

The Barhausen Noise measurement showed for the same section a similar behaviour as the XRD 

measurement as shown in Figure 3. Even though, it is not possible to directly link the signal output of 

the Barkhausen Noise to a quantitative measure, the trend is clearly similar. It appears that the higher 

frequencies (190Hz and 250 Hz) seem to be more sensitive to the different stress state.  

On the contrary, in the perpendicular direction to the scanning direction, being the cross section of 

the melt track, only light compressive stresses are present. Yet the Barkhausen Noise sensor is still 

sensitive to a phenomena appearing on the 250 W sample. This cannot be related to any stresses 

measured by XRD, yet as presented by Staub et al. [21] the meltpool will typically reach its biggest size 

at such laser power (respectively to the same machine configuration). The meltpool size is directly 

governing the size and growth of the grains in the microstructure. The hypothesis can be made that the 

Barkhausen noise is here detecting a relatively big increase of the grain size within the last meltpool 

microstructure. Further investigation of the produced grain size and microstructure growth needs to be 

led to better understand this phenomena. 
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Figure 3 – BN Measurement sequence for the 40x40x10mm3 samples 
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3.3 Eddy Current and inductive measurement 

The two different techniques tried in this study were not successful to relate sensor output signal to any 

stress state on the top layer nor in the depth of the samples (measured via Hole Drilling method). 

The acquisition of the inductive method showed some signal peaks at particular frequencies and 

harmonic, yet, even though these signals seemed to be repeatable, they did not lead to any conclusion. 

In the case of the EC measurement, the probe diameter was most probably too small, making it sensitive 

to the relatively high surface roughness of the sample. Thus this technique was also not successful.  

Further work in this direction would be necessary, notably in the design of sensors and the signal 

treatment. 

4 3BConclusions 

This study investigate the response of multiple EM measurement methods to different stress state in 

metallic material additively manufactured. Several key findings are summarized: 

– In the direction of the melt track, where the stress are at their highest level a relation between 

Barkhausen Noise measurement and absolute stress measurement can be found 

– Barkhausen Noise are sensitive to other effects when the stress state is too low 

– Eddy Current measurement were not successful in the frame of this study, most probably due to a 

bad combination of sensors and signal treatment. 

This study serves as a first basis for further investigation in the field of EM measurement and NDT for 

additive manufacturing. Highlighting the potential of the Barkhausen Noise measurement, the author 

expect to lead further studies in this direction in order to reach a sufficient knowledge maturity to 

consider a new monitoring techniques for the LPBF process. Ultimately, coupled with simulation, the 

use of Barkhausen Noise could permit to correct build parameters during the build and drastically 

improve the quality of the products and the success rate of the process.  
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