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Abstract

Metal-based additive processes are characterized by numerous transient physical effects, which exhibit an adverse
influence on the production result. Hence, various research approaches for the optimization of e. g. the structural part 
behavior exist for layered manufacturing. Increasingly, these approaches are based on the finite element analysis to be
able to understand the complexity. Hereby it should be considered that the significance of the calculation results depends
on the quality of modeling the process in the simulation environment. Based on a selected specimen, the current work 
demonstrates in which way the numerical accuracy of the residual stress state can be analyzed by utilizing the neutron 
diffraction. Thereby, different process parameter settings were examined.
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1. Motivation / State of the Art

Customized products in small quantities can be economically produced by using metal-based additive
processes (cf. [1]). However, process-related residual stresses can lead to product failures during the part 
production at the manufacturing system [2]. A reduction of these stresses is therefore of great importance for 
enhancing the process stability. Hence, numerous research approaches for an experimental (cf. [3]) as well as
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an analytical (cf. [4]) analysis and optimization of residual stresses are available. Also numerical solutions
were used for this purpose (cf. [5]), because they exhibit a resource efficient choice for the determination of 
complex residual stress states within the product. The significance of the corresponding models depends on 
the quality of the provided simulation data (e. g. material values). However, not every physical effect can be 
mapped due to measurement limitations and necessary abstraction strategies for the reduction of simulation
time (cf. [10]). On the basis of this fact it should be considered to compare the simulation results with 
corresponding experimental values. [2] pointed out, that the neutron diffraction can be used for this purpose. It 
should be noted that these examinations depend on the considered material (TRIP steel 1.2709) and therefore
restrict the transferability of the results.

Within the described research approaches the material AlSi12 was used (cf.ff [6]). A renewed comparison
between the simulation and experimental results was therefore performed for the investigated simulation 
models of [6]. These finite element approaches are enabling the calculation and the analysis of the structural
part behavior. The focused target of reducing residual stresses in the manufactured part was analyzed by using
the corresponding simulation models. In this context, [8] has also pointed out that the part-specific residual 
stress state depends on the utilized support design. These structures have to be used for the support of
overhanging part areas during the production but are typically removed after the additive manufacturing
process and are therefore not directly enhancing the product value. The results of [8] are also assisting the
operator of the manufacturing system in choosing a support design which is reducing residual stresses and
thereby is decreasing the risk of a building interruption due to cracks or deformations. The verification of 
simulation models concerning the predicted residual stress states of parts which are additively manufactured
was performed within the described work by means of adjusting the support design and using the approaches
of [8]. The comparison of the simulation and the experiments is described in section 4.

2. Structural simulation model of additively manufactured products

According to [6], it is required to define a suitable testing geometry for analyzing the residual stress state
by means of the finite element analysis (FEA). In order to relate the following results to own previously 
performed investigations and therefore to obtain a comprehensive data base, the tilde geometry was again used
for the experiments within this work. The numerical description of this geometry was described by [6] for the
first time and is visualized by the corresponding meshed components in the following Fig. 1 (cf. also [9]).

Fig. 1. Tilde specimen for the verification of residual stresses

The simulation geometry contains five single sections, which are displayed in the legend of Fig. 1.
According to the corresponding CAD-geometry the tilde specimen is geometrically modeled in the thermo-
physical and -mechanical simulation by means of cubic elements. The geometry contains large overhanging
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areas which require support structures. These lightweight constructions are modeled within the simulation 
system by using so-called shell elements. This procedure enables a detailed mapping of supports in the FEA.
The substrate is positioned beneath these two components. This section is used for the application of thermal
(e. g. convection) and mechanical (e. g. restraint definitions) boundary conditions. Due to the resulting 
different meshing topologies (shape and measurement) a numerical linking of all elements for the transfer of 
calculated results is needed. This can be performed by using contact definitions. A contact pair is assembled
with single contact elements and the corresponding target surfaces (cf. [10]).

As mentioned in section 1, the approaches of [10] are providing different abstraction and detailing levels
for the process modeling within the FEA. By considering these, the simulation time can be significantly
shortened, whereas the applicability of the simulation can be increased. The modeling approaches are
presented in the following Fig. 2. The options for the discussed tilde specimen are highlighted with a
contrasting green color.

Fig. 2. Abstraction and detailing levels for additive manufacturing (in compliance with [10] and [2])

As visualized in Fig. 2, the thermal load for the simulation model was applied by utilizing a heat flux
description for a whole layer. A detailed mapping of the scanning pattern was not performed in this case (cf.
Fig. 2 and [10]). On the other side, the exposure strategy should be taken into account, if the solidified area of 
a specific layer increases. In these cases, the resulting temperature gradients from the beginning of a layer
solidification (application of the heat load) until the end of the same layer s solidification (deletion of the heat 
load) becomes much more important. Due to the higher gradients between these two described steps, the
abstraction of the exposure strategy to one calculation step would lead to higher failures in the simulation. Fig. 
2 is also displaying that the options for merging of layers were used for the described application. This
procedure results in a solidification of every layer compound at a single calculation step. [2] showed already
in his research work that these merging options were fulfilling his defined requirements concerning the
calculation accuracy when comparing the simulation and experimental results of different specimens. The
modeling limit of this approach is predetermined by the shape of layers. Thus, a smaller amount of layers for 
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merging should be chosen, if the shapes of the layers vary a lot. Furthermore, it is also possible to map and
calculate every single layer in detail.

Concerning the support design two options are available (cf. [6]). On the one hand, structures can be
represented by using a continuum volume in the simulation in case the supports are shaped regularly. This 
approximation reduces the calculation time in the simulation. However, it is also necessary for this approach
to adjust the material specifications for the consideration of the thermal and mechanical behavior of the
applied support geometry. On the other hand, a geometrically detailed mapping of the support structure was
used within the presented application (cf. [11]). The utilization of this approach allowed analyzing in
particular the dependence of different adjusted support designs on the residual stress state (cf. chapter 1) and
verifying the corresponding simulation results.

Different research works are covering approaches (also technology independent) for the reduction of the 
solidified support volume by means of analytical and experimental test studies (cf. [12] and [13]). In contrast, 
the works of [8] are also regarding structural properties for adjusting the support structure. The corresponding
results for the improved support design were calculated by utilizing the finite element analysis. [8] described 
as a first step in their procedure how to perform a reference run by using the developed simulation models and
the standardized support structures. Part areas should be selected for the following support optimization runs,
which are exhibiting higher tensile stresses in the building direction than other part positions are displaying. 
This type of stress is often responsible for structural defects (e. g. cracks) in case they are exceeding the 
material specific strength properties. The corresponding part areas of the tilde geometry are the sections
directly above the support structure. These are displayed in the following Fig. 3.

Fig. 3. Procedure for a load adapted support design by means of the resulting residual stress state (in compliance with [8])

The reference run showed that the boundary layer between the support structure and the part area tends to
have a high influence on the values of the tensile stresses (cf. [8]). The resulting stresses for the corresponding
nodes within the element mesh were therefore analyzed and evaluated. Hence, the risk of structural defects at 
these positions has been minimized (cf. point 1 in Fig. 3). Every single support cell consists of foff ur bordering
nodes (within one plane at the boundary layer) and was evaluated individually. The four values of the
bordering nodes were summarized to an average stress result for every support cell. The support cell should be
stiffened, if the calculated tensile stress of the currently considered support cell is above the average value for 
all nodal results (cf. point 2 in Fig. 3). This correlation for the load adapted adjustment of supports was
already documented by [8].
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As described before, the selected simulation approaches (cf. Fig. 2) were applied as a basis for the 
verification of the simulation results. The neutron diffraction was used to determine experimental values for a 
comparison. 

3. Neutron diffraction for analyzing residual stresses in additive manufacturing 

The simulation models presented in section 2 and the introduced approaches for the reduction of tensile 
stresses by means of adjusting the support structures have been validated. For this purpose, a comparison 
between the simulation and the corresponding experiment was carried out for the same process configuration. 
Different measurement technologies are available for obtaining experimental values of the residual stress 
state. The neutron diffraction enables a nondestructive examination of the resulting stresses. This technology 
is especially suitable for enabling a further utilization or analysis of part-specific properties. Because the parts 
are also used for following investigations and to finally compare these results with the previously gained 
residual stress values, the neutron diffraction was also used for the measurements in this case. 

The STRESS-SPEC Instrument at the research reactor FRMII of the Technische Universität München was 
available for the measurement of residual stresses. The corresponding measurement arrangement is displayed 
in the following Fig. 4. The measurement gauge volume is defined by neutron absorbing slits before the 
specimen and a radial collimator. Neutron diffraction uses the lattice spacing as internal strain gauge. The 
interplanar distances (dhkl) can be extracted from the diffraction angle according to Bragg's law (cf. [7]): 
 × = 2 × ×           Equation 1 
 d is defined as the distance of the lattice planes, n describes the diffraction order and  is the adjusted 
wavelength (in the presented measurements 1.55 Å).  complies with the scattering angle (or bragg-angle) 
defined by the incoming and diffracted neutron beam. For this experiment the aluminium (311) reflection at a 
scattering angle of about 2 S ~ 90° was used. 

The corresponding strains were calculated using the measured interplanar distance dhkl together with the 
d0,hkl value of an unstressed reference sample. This reference specimen was manufactured by means of metal-
based additive manufacturing to have the same technology-specific properties and therefore to avoid a process 
dependend discrepancy between the reference part and the tilde geometries. By using layered processes a 
completely unstressed sample cannot be produced, but it should be pointed out that a reference specimen is 
manufactured, which exhibits low stress states (cf. [2]). For this reason the used reference geometry for the 
presented measurements has the dimensions of 5 x 5 x 5 mm³, was directly produced on the building plate and 
finally was separated from the substrate by using wire-electro discharge machining. According to [7], the 
strains were calculated by relating the scattering angle of the corresponding interplanar distances of the 
reference sample to the resulting angles of every single tilde specimen: 
 = sinsin 1                       Equation 2 
 

The resulting elastic strains for the tilde specimen were measured in three perpendicular directions, namely 
longitudinal, transversal and normal. For the calculation of residual stresses in every single direction, the use 

 GPa for 
t s for the measurement) was used. The technically relevant stresses at a 
measuring point originated from overlaying of the measured strains in the main stress directions: 
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= 1+ + 1 2 11 + 22 + 33         Equation 3 
 
In this equation,   ij  is the previously determined strain value. 11 , 22  and 33  
are the strains in the corresponding directions. With the application of equation 3, the calculated stresses were 
subsequently compared to the simulation results. 
 

 

Fig. 4. Configuration for measuring residual stresses by means of neutron diffraction 

Different process parameter constellations for the production of the tilde specimen were examined and the 
impact of these on the residual stress state was measured. The parameter sets were also considered, when 
parameterizing the simulation model (cf. chapter 2). The used parameter sets are listed in the following 
table 1. 

Table 1. Selected process parameter constellations 

parameter configurations preheating scanning velocity support pattern 

specimen 1 20 °C standard + 20 % block 

specimen 2 20 °C standard + 20 % optimized 

specimen 3 200 °C standard + 20 % block 

specimen 4 200 °C standard + 20 % optimized 

specimen 5 20 °C standard block 

specimen 6 20 °C standard optimized 

 

The used system technology for the presented experimental investigations allowed to adjust the building 
plate temperature. Therefore, the influence of a preheating procedure on the residual stress state was analyzed. 
As [2] presented in previous research works, the residual stresses can be lowered by increasing the overall 
process temperature. Two different temperature levels were considered in the experimental design of table 1. 
Furthermore, the influence of the scanning velocity was examined by means of increasing the values for the 
specimens 1 through 4 compared to the tilde geometries 5 and 6. Two different support structures were also 
varied in the experimental design of table 1. A standardized support was compared to an optimized variation. 
The latter one was defined by using the research results presented in section 2 and has enabled a plausibility 
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check for the simulation results (and also the procedure of Fig. 3) by means of a direct comparison to the 
experimental results. This comparison and the corresponding discussion of the results in section 4 also 
required the definition of measurement points for the analysis of residual stresses. Therefore and for the 
examination of the two selected support structures, part sections were selected, which were directly influenced 
from the support design concerning their residual stress state. These were the overhanging part areas of the 
tilde specimen, which were supported by support structures. The corresponding four measurement positions 
are displayed in Fig. 4 (points P1 till P4). At these positions the measurement was performed using an aperture 
dimension of 2 x 2 mm² to get sufficient measurement stability and accuracy for the neutron loading. This 
section was also adjusted for the simulation results to allow a value comparison between the experiment and 
the calculated results. 

4. Experimental and simulation results 

The main objective of the presented approaches in chapter 2 was to reduce tensile stresses by means of 
adjusting the corresponding support design. In a first step the differences in the residual stress behavior of the 
investigated support designs (block and optimized) were examined for each equal process configuration of the 
preheating temperature and the scanning velocity. In the simulation as well as in the experiment the 
comparison of two specimens at a time was summarized within three diagrams. In the following Fig. 5, the 
results of the neutron diffraction experiment are displayed. 
 

 

Fig. 5. Results of the residual stress measurements 

It becomes clearly evident from the measurement results of Fig. 5 that the specimens which have a 
standardized support (tilde geometry 1, 3 and 5), tend to have higher tensile stresses compared to the 
specimens with the optimized support design (tilde geometry 2, 4 and 6). With comparing specimens 3 and 4, 
the reduction of tensile stresses is much more evident than between specimens 1 and 2. The impacts of 
preheating the substrate on the residual stress state can be considered for the stress progressions of specimen 1 
and 2 compared to the geometries of 3 and 4. It is recognizable that for the increased process temperature 
(200 °C) the conventional as well as the optimized support design tends to show higher tensile stresses 
compared to the corresponding experiments at ambient temperature. As visualized in section 3, this behavior 
is contrary to the results of [2]. Due to the fact that [2] used other specimens for the analysis of residual 
stresses, a direct comparison between the work of [2] and the application with using the tilde geometry is not 
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feasible. With the improvement of the scanning velocity at 20 % (specimen 1 and 2) the tensile residual 
stresses can be lowered compared to specimens 5 and 6.  

Fig. 6 contains the simulation results for the corresponding experimental design of table 1. These diagrams 
can be used for a comparison to the experimental results.  
 

 

Fig. 6. Simulation results for the residual stress states 

Thus, in analogy to Fig. 5, the simulation reflects the same tendencies concerning the reduction of residual 
stresses by means of optimizing the corresponding support structures. In contrast, the simulation values are not 
exhibiting influences on the residual stress state as a result of changing the parameter sets of the scanning 
velocity and the preheating temperature. On the one hand this can be traced back to the selected abstraction 
measures for modeling the process in the simulation environment (cf. Fig. 2). This behavior can be avoided, if 
higher detailing levels are used within the finite element models. The higher calculation time for solving the 
simulation problem should be kept in mind. On the other hand the quality of the measurement values depends 
on the used beam diaphragm during the neutron diffraction (cf. chapter 3). A smaller size would lead to lower 
measurement errors, but would also increase the time for receiving the same measurement stability as 
described before. 

5. Summary and future perspectives 

This paper describes the validation of simulation models by means of neutron diffraction. Therefore, 
numerical approaches for optimizing support structures were used. The application of these methods should 
lead to lower tensile stresses of the product. Hence, the variation of the support structure for determining their 
influence on the residual stress state was analyzed. An examination of different values of the scanning velocity 
and preheating temperature was performed. The corresponding results were displaying in the experiment and 
also in the simulation that a high influence of the support pattern on the residual stress state is recognizable. 
With the application of the optimization algorithms presented in section 2 it was shown that tensile stresses 
can be lowered. This results in a higher process stability (cf. [8]). 

When summarizing the results of section 4 it becomes evident that the different residual stress progressions 
between the experiment and the simulation for the scanning velocity and the preheating temperature are 
traceable to the abstraction level of the used finite element models as well as the practicable gauge volume of 
2 x 2 x 2 mm3. With using a higher detailing level in modeling the process by means of the finite element 
analysis the numerical accuracy can be increased (cf. Fig. 2). By simultaneously minimizing the gauge volume 
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of the STRESS-SPEC-instrument, the comparability of results should be enhanced. Further investigations 
should determine the validity of these statements. 
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