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Abstract 

Additive Manufacturing (AM) of metals has become industrially viable for a large variety of 
applications, including aerospace, automotive and medicine. Powder bed techniques such as 
Selective Laser Melting (SLM) based on layer-by-layer deposition and laser melt enable 
numerous degrees of freedom for the geometrical design. Developing during the manufacturing 
process, residual stresses may limit the application of SLM parts by reducing the load bearing 
capacity as well as induce unwanted distortion depending on the boundary conditions specified 
in manufacturing. 

The residual stress distribution in the bulk of IN718 elongated prisms produced by SLM was 
studied non-destructively by means of neutron diffraction. The samples with different scanning 
strategies, i.e. hatching length, were measured in as-build condition (on a build plate) and after 
removal from the build plate. 

The absolute values of all stress components decreased after removal from the build plate. 
Together with surface scan utilizing a coordinate-measuring machine (CMM), it is possible to 
link the stress release to the sample distortion. Obtained results indicated different residual 
stress states for each of the transversal, longitudinal and normal component depending on the 
thermal gradient in the respective direction. 

Keywords: Residual Stress; IN718; Neutron Diffraction, Additive Manufacturing, Selective 
Laser Melting; Coordinate Measurement Machine. 

 

1.  Introduction 
 
Additive Manufacturing (AM) by means of Selective Laser Melting (SLM) has become 
industrially viable for a large variety of applications, including aerospace, automotive and 
medicine [1-3]. This powder bed technique based on layer-by-layer deposition and laser melt 
enable numerous degrees of freedom for the geometrical design. 

Previous studies show that thermal residual stresses (RS) in SLM parts are primarily caused by 
the temperature gradients due to continuous re-melting and cooling of previously solidified 
layers [4-6]. These residual stresses are critical because the presence of a high residual stress 
may lead to distortion, delamination and cracking of the part after or even during production 
[7-9]. Distortion of the part after removal from the baseplate has also been reported [10]. 
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Characterization of residual stress in AM parts are performed nowadays mainly by destructive 
techniques (e.g. contour method [11] and hole drilling method (HDM) [12]). The examples of 
non-destructive RS measurements are confined to surface laboratory X-ray [4] and subsurface 
synchrotron radiation [10] investigations. For IN718 synchrotron radiation would be limited to 
very high energy for sample thicknesses above 10mm. Therefore, the only non-destructive 
technique suitable for bulk RS characterization with a mm spatial resolution is neutron 
diffraction. 

The influence of scanning strategy on the distortion of the part needs to be considered during 
production of AM parts since it correlates with the stress release and redistribution after removal 
from base plate [3, 10, 13]. The residual stress induced by thermal gradients for different 
scanning strategies has been also predicted through thermo-mechanical simulation [14, 15]. 

We will focus generally on determination of bulk RS in IN718 and specifically influence of the 
removal of the part from the baseplate. 

 

2.  Samples and Methods 
 
IN718 samples manufactured by SLM using a steel base plate were provided by Siemens AG, 
Power and Gas, Berlin, Germany (see Fig.1a for a sketch of the sample geometry). Samples 
were removed from the base plate by wire electrodischarge erosion. The as-built samples will 
be indicated by AB and the removed ones by RE. 

Figure 1 Sketch of (a) scan strategy for sample 1 with stripe width=SW (short hatch length) and (b) for 
sample 2 with stripe width=10SW (long hatch length) (c) general sample geometry, measured points and 
coordinate systems and (d) setup for neutron diffraction at BERII (beamline E3). Sketches are not to 
scale. 

The hatch length is defined by the production parameter stripe width (SW) and by both shape 
and dimensions of the sample. Therefore, the hatch length can vary even within the same 
sample, by a simple change of the shape as, for example, in the case of Fig.1a and b (e.g., 
presence of a round corner or a sharp edge). Sample 2 has a ten times wider SW than Sample 1. 
The processing parameters during production are confidential but were kept the same for 
sample 1 (short hatch length) and sample 2 (long hatch length). The biaxial scanning strategy 
is shown in Fig.1a and b, whereby the position of the stripes along the hatch direction (HD) 
alternates from even to odd layers. The scanning direction (SD) defines the direction for the 
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resulting stripes along the sample width. The directions HD and SD define together with the 
building direction (BD) the three geometrical principal directions of the samples. Stress 
components (Fig.1c) were named longitudinal (L, along HD), transversal (T, along SD) and 
normal (N, along BD). 

 

2.1 NEUTRON DIFFRACTION 
 
Neutron diffraction experiments were carried out on the beamline E3 at BER II reactor 
(Helmholtz Zentrum Berlin, Germany) [16]. A monochromatic neutron beam of wavelength � = . Å was used. Depending on the measured direction and position, the acquisition time 
varied between 5 and 90 minutes. The gauge volume was defined by incoming slits of 
3 mm x 3 mm and by a secondary collimator with a focus length of 2 mm. For sample 1 AB a 
4 mm x 4 mm x 2 mm gauge volume was employed. Although, it has been shown [17] that RS 
values are affected by the choice of the gauge volume, here the secondary beam size remains 
the same. Therefore, the use of two different gauge volumes is not expected to dramatically 
change the stress values. We will see that also d0 reference measurements corroborate this 
hypothesis. For each point shown in Fig.1a the lattice spacing d311 for the Ni-311 plane 
(2θ311=86.3°) [18] was calculated by means of Bragg’s law: 

     � = �∙sin �3       (1) 

An average lattice spacing within our gauge volume was determined by fitting the diffraction 
peak with a Gaussian function with the software StressTexCalculator. In order to calculate 
strains (ε) a measured d0 reference value was taken from the measurement of sample powders: 

          = �3 −�� = sin �sin �3 −      (2) 

Stresses were calculated according to tensorial Hooke’s Law: � = ��, with C as the elasticity 
tensor. With the assumption that the principal geometric directions are also principal stress 
directions, Hooke’s Law reads 

       � ,�, = �{3 }( +�{3 })( − �{3 }) [( − �{ }) ,�, + �{ }( �, , + , ,�)] (3) 

With elastic modulus �{ } =  ��� and poisons ratio �{ } = .  Von Mises stresses 
were calculated according to 

           ��, = √ [ � − �� + �� − � + � − � ]   (4) 

 

2.2 DISTORTION MEASUREMENTS 

Top surface distortion of both samples (1 and 2) in both conditions (AB and RE) were measured 
with a tactile coordinate measuring machine (CMM, Werth Scope Check® S) using a ruby ball 
with a diameter of 3 mm. CMM has an instrumental error in the range of 3 µm [19]. However, 
for AM parts the surface roughness is the limiting factor as the ruby ball may not be able to 
adapt properly to sharp angles. 
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3.  Results and Discussion 
 
3.1 Bulk Stress Mapping: Lateral region 
 
Neutron diffraction was used for stress mapping within the bulk of the sample. In the maps of 
Figs.2 and 3, measurement points (gauge volumes) are shown as semitransparent squares. The 
contour plots were obtained by linear interpolation between the measured values. As far as 
lateral region is concerned, measurements were carried out about 3 mm below the lateral 
surface. The comparison between AB and RE conditions and for L, T, N stress components for 
samples 2 is shown in Fig.2. 

Figure 2 Residual stress maps in the vertical plane near the lateral surface of sample 2 (a) AB and (b) RE 
longitudinal, (c) AB and (d) RE transversal, (e) AB and (f) RE normal. � ,�, ≤  ���.  

The transversal component satisfied the boundary condition and nearly vanished close to the 
lateral surface. The longitudinal and normal stress components (Fig.11a and e) showed a strong 
stress gradient in the range 20 mm ≤ Length ≤ 30 mm. This gradient is linked to the different 
stripe width of sample 2, as it occurred in the region of stripe overlap shown in Fig.1c. Such a 
gradient is not expected for sample 1, because the stripe width and hence the temperature 
distribution within a stripe are the same. The latter is also visible for the horizontal plane (Fig.3b 
and 3j) and in the distortion maps (Fig.4b) for sample 2. 

After removal from the baseplate, the normal component vanished at the new external surface 
at the bottom (depth= 17 mm) and partially relaxed, while keeping the same pattern. The stress 
gradient between the two stripes decreased for all components after removal from the baseplate 
but it was still significant. 

 
3.2 Bulk Stress Mapping: Top region 
 
According to Eq.4 we calculated the von Mises stress for the top region presented in Fig.3a-d. 
As far as top region is concerned, measurements were carried out about 3 mm below the top 
surface. The samples removed from the base plate were mapped without assuming a symmetric 
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stress pattern. However, both samples (Fig.3c and d) did show a symmetric von Mises stress 
distribution around the middle line in RE condition. 

 

The highest von Mises stress values were observed for the short hatch length (350 MPa, Fig.3a). 
Sample 2 showed smaller von Mises stresses than sample 1 in the AB condition. This has to be 
correlated with the different hatch length. Temperature gradients are higher for larger hatch 
length (sample 2) due to a less homogeneous energy input; this would imply larger stresses. 
However, successive laser passes will cyclically relax those stresses. On the contrary, for the 
short hatch length (sample 1) temperature gradients are smaller, and stresses would build up 
only after the laser has finished the current stripe. These stresses would not be relieved, though, 
since the laser will have moved further. 

The amount of released or redistributed stresses after removal from the base plate is higher for 
the short hatch length. The reason for this effect is the stripe-wise production. We could 
consider sample 1 as a series of small interconnected volumes. Fig.3 suggests that it is more 
likely for the stresses to release for such a geometry than for the row of larger blocks, such as 
for sample 2. 

 

Figure 3 Von Mises stress maps in the horizontal plane near the top surface for (a) sample 1 AB, (b) 
sample 2 AB, (c) sample 1 RE and (d) sample 2 RE. 

 

3.3 Surface distortion: Top region 
The effect of the stress release due to sample removal from the base plate is represented by 
difference maps (RE-AB, Fig.4) calculated as the difference between the RE and the AB surface 
of each Sample. 

Sample 1 showed a stripe-like pattern along the width of the sample. This feature is linked to 
the deposition strategy and in fact it has a comparable pattern to the hatching, see Fig.1a. This 
confirms the model of interconnected volumes assumed to explain the maps of the von Mises 
stress in Fig.3a and c. 

For the long hatch length (sample 2), no particular distortion pattern was observed but a bending 
effect at the tip (Fig.4b). Again, this reflects the deposition strategy, see Fig.1b. Incidentally, 
we again observed discontinuity in the range 20 mm ≤ length ≤ 30 mm. This discontinuity is 
observed also for the stress distribution (see Fig. 3a and e) and is linked to the deposition 
strategy (see Fig.1b). 
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The larger difference RE-AB for sample 1 confirms the higher amount of relaxation of the von 
Mises stresses in comparison with sample 2. 

Figure 4 Mapped distortion of sample 1 and sample 2 occurred during removal from the baseplate. 
These distortion maps (RE-AB) show the differences between the respective sample surfaces in the AB 
and RE condition observed by means of CMM.  

 

4.  General Remarks and Conclusions 
 
This study on the IN718 prisms manufactured with different hatch lengths proved the 
significant influence of the temperature gradients on the development of the stress state. 

In the case of a smaller hatch length, the energy input is more localized than for a longer hatch 
length. The scanned region has a smaller area-to-perimeter ratio, because the perimeter of the 
area spanned by a few short hatches is smaller than that of one long rectangle spanned by one 
long hatch. However, the scanned area per unit time is the same in the two cases, if the scan 
speed is the same. As the heat dissipation correlates with the perimeter, a smaller perimeter 
leads to a smaller cooling rate between laser passes. Thus, a smaller hatch length causes a more 
homogeneous temperature distribution within one stripe. The area with homogenous 
temperature moves along hatch direction (HD) while the laser moves to the successive stripe. 
This induces higher longitudinal stress gradients along HD. Each stripe will cool down after the 
laser has left it. Therefore, transverse stress gradients arise also along scanning direction (SD). 

For the longer hatch length, the laser will periodically re-melt and heat treat all the surface. This 
would hinder the formation of stress gradients (a sort of repeated annealing). Consequently, 
stress fields in sample 2 are more homogeneous in the horizontal plane. 

The discussed temperature gradients and intrinsic heat treatment explain the preferred island 
scanning strategy for RS reduction, too [13, 20]. The area-to-perimeter ratio is optimized for 
squares and the scanning order enable repeated annealing of solidified islands.  

Even after removal from the baseplate, both samples still carry some stresses, as also reported 
in [10].  

We will extend this study to the investigation of the influence of several parameters of the 
scanning strategy (hatch angle, hatch rotation, use of island scanning strategy) on surface and 
bulk residual stress. 
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