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Abstract 

 

 Laser Powder Bed Fusion (L-PBF) increases freedom in the design of components and is therefore 

well suited for the manufacturing of complex geometries tailored to their function. In addition, it is 

possible to influence the microstructural characteristics of the components by varying the process 

parameters during the L-PBF process. This allows shifting the load from areas with high stresses to less 

heavily loaded areas in order to exploit the full potential of the material. For this purpose, the process 

window in which the Young‘s modulus of the material AlSi10Mg can be varied was investigated. 

Subsequently, test geometries were analyzed by finite element method with respect to their critical 

component areas and a design for grading the Young‘s modulus to distribute stress more uniformly was 

developed. These specimens were then manufactured and compared with components manufactured using 

homogeneous parameters. 

 

Introduction 

 

Additive manufacturing processes are an emerging technology and have recently been used more 

and more in the industrial environment. From being used to manufacture prototypes at early stages of 

development, more and more serial components are being manufactured [1]. Besides the use of polymers, 

especially laser powder bed fusion (L-PBF) is used increasingly for the processing of metals [2]. In 

industries such as automotive or aerospace, the focus is on the energy efficiency of products and therefore 

the additive manufacturing of geometrically highly complex, lightweight components is becoming 

progressively more important [3]. To ensure the quality of components, approaches are being developed 

in the research environment in which it is possible to predict the microstructure and fatigue life based on 

in-situ data generated during the manufacturing process. In addition, efforts are being made to adapt the 

process parameters directly on the basis of live data gathered from the process. [2] 

 

At present, manufacturing with static process parameter sets can be regarded as the industry 

standard. In order to increase the surface quality, overhanging and upward facing component areas are 

manufactured with slightly deviating process parameters in these static parameter sets. Nevertheless, there 

is an anisotropy of the mechanical properties along the build direction due to the fact that the cooling rates 

are dependent on the component height and geometry and thus affect the resulting microstructure. The 

change in the cross-sectional area of a component along the build direction therefore has an enormous 

influence on heat transfer and can amplify the anisotropy effect. [4] For this reason, approaches are being 

developed to homogenize the cooling rate over the entire manufacturing process. The laser power is 

adjusted based on the components geometry and adjusted in such a way that a certain maximum 

temperature is not exceeded. [5, 6] The L-PBF process can achieve high cooling rates compared to casting 
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processes, for example, which means that the formation of fine microstructures can be achieved. Coarse 

grain structures, on the other hand, typically occur in areas of the component where heat transfer is 

relatively limited. [7, 8] By varying the process parameters during the manufacturing process, it is possible 

to influence the microstructure in order to adapt it to the desired functional performance [9]. This targeted 

adaptation of the microstructure has already been demonstrated with several examples: Popovich et al. 

produced components from Inconel 718 by using different exposure strategies and varying the process 

parameters, causing a direct transition from a fine to a coarse microstructure. This procedure resulted in a 

significant difference in the hardness of these two component areas by 20%. [10] Attard et al. investigated 

the influence of the process parameters on the microstructure and were able to adapt a turbine blade made 

of Inconel 718 to the present loads by adjusting the manufacturing strategy [11]. Parikh and Kuttolamadom 

were also able to show for the alloy 316L that a reliable variation of the mechanical properties is possible 

for the production of functional graded materials[9]. 

 

Based on the possibility of adapting the microstructure by adjusting the process strategy, the 

present work investigates the approach to what extent this is possible with the alloy AlSi10Mg. This 

material is widely used in the industry and is highly popular in lightweight applications. However, due to 

its brittle behavior, this material is particularly susceptible to notch effects, which cause abrupt failure of 

the component. Ductile materials, on the other hand, can reduce stress peaks by plastic flow. [12] 

Therefore, the following approach is to reduce the stresses at a critical location of the component by locally 

increasing the ductility by means of a process-related control. Stresses are then to be transferred to areas 

of the component that are less severely stressed in comparison. The Young's modulus is used as the design 

parameter, since it is a measure of the ductility of a material. Figure 1 schematically illustrates the intended 

grading of the Young's modulus with an analog by coil springs of different stiffness as well as the path of 

force lines. The increased ductility at the critical point has the effect of relieving it, since stresses are 

shifted to stiffer areas of the component, and this results in the local tensile strength not being reached 

until the overall load is higher. The load-bearing capacity of the entire component should thus be increased 

without adjusting the macro-geometry. 

 

 
Figure 1: Principle concept of stress redistribution by grading the Young’s modulus illustrated by an analog with differently stiff coil 

springs (based on [13]) 

 

Methodology and Analysis Methods 

 

In this paper, a process window for the manufacturing of different Young's moduli is first 

determined using a full-factorial experimental design. For this purpose, the relative density of the 

manufactured samples is used to exclude individual process parameter sets that exceed a certain porosity. 

Subsequently, the mechanical properties are determined by means of tensile tests. Using the achievable 

Young's moduli, a design of a graded specimen with bore is carried out using a developed FE-based 
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grading tool. This graded specimen is then manufactured and compared with a homogeneous specimen. 

All specimens were manufactured with an EOS M290 using the material AlSi10Mg with a layer height of 

30 µm. 

 

Preliminary investigations, which dealt with the limits of the process window, showed that the 

Young's modulus can be varied in the range of 46 to 62 GPa [13]. In the literature it was found that the 

variation of the parameters laser power, scan speed as well as hatch distance have a significant effect on 

the mechanical properties of the additively manufactured components [7]. In order to be able to 

manufacture components with Young's moduli within the determined limits, a full-factorial experimental 

design is being executed in which the aforementioned process parameters are varied. Table 1 lists the three 

factors evaluated with three gradations. 

 
Table 1: Process parameters for execution of a full-factorial experimental design to determine the process window for variation of the 
Young's modulus 

 low middle high 

Laser power [W] 250 310 370 

Hatch distance [mm] 0.07 0.13 0.19 

Scan speed [mm/s] 1000 1500 2000 

 

With the resulting 27 process parameter sets, three cubes each with dimensions of 10x10x10 mm³ 

are manufactured. The relative density of the specimens is then determined with the Kern ABT 220-4nm 

analytical scale using Archimedes' principle. All process parameter sets that can be used to produce 

specimens with a relative density < 99.5% will not be considered in the following. The porosity of these 

specimens has an unpredictable influence on their mechanical properties, since the inner pores lead to a 

wide distribution of these [14]. 

 

The remaining sets of parameters are now used to manufacture tensile specimens for determining the 

mechanical properties. Specimen shape A from DIN 50125 was selected for this purpose and the 

dimensions of this specimen shape are shown in Figure 2. In order to eliminate the notch effect of the 

rough surface of L-PBF manufactured specimens during the tensile tests, the specimens were 

manufactured with a slight oversize of 0.03 mm and brought to final contour by subtractive manufacturing 

processes. Three tensile specimens are manufactured and machined for each set of parameters 

investigated. The tensile tests were performed with a ZwickRoell Z100, and a deformation rate of 0.1%/s 

was selected by controlling the traverse path. The elongation of the tensile specimens was measured with 

a video extensometer. All tensile specimen were not heat treated before testing. 

 

 
Figure 2: Dimensions in mm of tensile specimen shape A according to DIN 50125 for determining the material properties of the tested 

specimens 
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In order to be able to adapt the design of a component to the external load, the component is 

analyzed by means of finite element simulation and graded based on these results so that the critical 

location is relieved. The developed grading tool uses Abaqus via programming interface and works as 

follows. First, the range in which the Young's modulus can be varied must be defined and the component 

geometry divided into equally sized voxels. In the course of the gradation, these voxels are used to 

simultaneously assign new Young's moduli to the finite elements of different sizes within these voxels. 

After specifying the external loads as well as the boundary conditions, the stress state of the component 

is calculated with homogeneous material properties and the mesh size is iteratively refined at highly 

stressed locations. Gaussian points are then used to determine the average stresses in the voxels, on the 

basis of which the subsequent grading takes place. The Young's modulus of these voxels is iteratively 

adjusted to the existing stress state in successive finite element analyses according to the following concept 

in linearly distributed, discrete steps: The occurring stress range is first divided into two sections. The 

voxels, which are located in the lower section of the stress range, are provided with the highest Young's 

modulus in order to ensure the stiffest possible structure. The remaining voxels are assigned a Young's 

modulus in the achievable variation range in linear gradation according to the stress level present. Voxels 

with high stress are assigned a low modulus of elasticity and vice versa. If the occurring stresses cannot 

be reduced further by adjusting the Young's modulus, the termination criterion is fulfilled and the grading 

process is terminated. The assignment of the Young's moduli to the voxels obtained by the grading tool is 

used to define the process parameter sets during the later manufacturing process. 

 

 The specimens geometry investigated is a plate with a bore, the dimensions of which are given in 

figure 3a. Eight specimens each are manufactured with homogeneous as well as heterogeneous process 

parameters and subsequently examined with the ZwickRoell Z100 tensile machine. The specimens are 

manufactured with an oversize of 0.3 mm and then brought to its final dimensions using subtractive 

manufacturing processes to eliminate the notch effect of the rough surface. Under tensile loading of this 

geometry, a stress peak forms at the edges of the bore, as shown qualitatively in Figure 3b. The bore acts 

like a notch and can be described  with a notch shape number of αzd = 2,24 under tensile loading. Thus, 

the stress peak at the notch is slightly more than twice the nominal stress at this location, which means 

that failure will occur in the center of the specimen. All tensile specimen were tested in “as-built” 

condition. 

 

 
Figure 3: a) Dimensions in mm of the geometry of a specimen with a bore b) Qualitative illustration of the stress peaks during tensile 

loading of the specimen at the edges of the bore [15] 
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Results and Discussion 

 

Figure 4 shows the results of the density measurement plotted against the volumetric energy density 

of the process parameter sets. The red line shows the defined limit of 99.5% relative density, above which 

the process parameter sets are further investigated in the following. The exact values can be found in table 

2, the entries are sorted in ascending order of volumetric energy density. The reference value of the density 

measurement is taken from the powder manufacturer's data sheet and amounts to 2.67 g/cm³, therefore 

individual values are found which slightly exceed 100% relative density [16]. It can be clearly seen that 

parameter sets with volumetric energy densities of < 35 J/mm³ have a lower relative density and are 

therefore not considered further. This is due to insufficient energy to completely melt all powder particles. 

Since the limits of the process parameter variation have been determined by preliminary tests, as described 

previously, the number of parameter sets to be eliminated is comparatively low, at 5 out of 27. 

 

 
Figure 4: Volumetric energy density of the investigated parameter sets plotted against the relative density of the cube-shaped samples 

related to the density of the material data sheet of 2.67 g/mm³ 
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Table 2: Process parameter sets with the associated volume energy density and the measured relative densities to the reference value of 
2.67 g/cm³ from the material data sheet 

Laser power 

[W] 

Scan speed 

[mm/s] 

Hatch distance 

[mm] 

Volumetric energy density 

[J/mm³] 

Relative Density 

[%] 

250 2000 0,19 21,93 93,79 ± 0,21 

310 2000 0,19 27,19 97,08 ± 0,66 

250 1500 0,19 29,24 98,01 ± 0,17 

250 2000 0,13 32,05 98,59 ± 0,26 

370 2000 0,19 32,46 99,12 ± 0,25 

310 2000 0,13 39,74 99,80 ± 0,18 

250 1500 0,13 42,74 100,09 ± 0,12 

370 1500 0,19 43,27 99,98 ± 0,04 

250 1000 0,19 43,86 100,05 ± 0,07 

370 2000 0,13 47,44 100,12 ± 0,24 

310 1500 0,13 52,99 100,13 ± 0,05 

310 1000 0,19 54,39 100,10 ± 0,06 

250 2000 0,07 59,52 99,79 ± 0,04 

370 1500 0,13 63,25 100,10 ± 0,07 

250 1000 0,13 64,10 100,12 ± 0,01 

370 1000 0,19 64,91 99,86 ± 0,06 

310 2000 0,07 73,81 100,10 ± 0,06 

250 1500 0,07 79,37 99,93 ± 0,02 

310 1000 0,13 79,49 100,05 ± 0,11 

370 2000 0,07 88,10 100,19 ± 0,04 

370 1000 0,13 94,87 99,88 ± 0,15 

310 1500 0,07 98,41 100,28 ± 0,17 

310 1500 0,19 100,27 99,56 ± 0,19 

370 1500 0,07 117,46 100,04 ± 0,05 

250 1000 0,07 119,05 100,06 ± 0,04 

310 1000 0,07 147,62 100,13 ± 0,02 

370 1000 0,07 176,19 99,83 ± 0,17 

 

The tensile specimens were produced standing on the build platform with a support structure 

consisting of bulk material, whereby the orientation-dependent anisotropy of the mechanical properties 

was not initially considered. The aim of this paper is to clarify whether a gradation of the mechanical 

component properties is possible in principle by adapting the manufacturing process. However, 

consideration of anisotropy will need to be included in future work on this topic in order to exploit the full 

potential of this approach. 

 

During the manufacturing of the standing tensile specimens, 8 process parameter sets tended to 

oversize the component geometry, resulting in collisions with the recoater of the additive manufacturing 

machine. These process parameter sets therefore had to be excluded from the following investigations in 

order to ensure process reliability during manufacturing. Thus, 14 of 27 process parameter sets were 

available for further investigation, which were examined in the tensile test with regard to their mechanical 

properties. In Figure 5, the process parameter sets are plotted in ascending order according to the measured 

Young's moduli, indicating the standard deviation, and numbered consecutively. The measured Young's 

moduli and the corresponding process parameter sets are shown in table 3. It can be seen that the limits of 

the variation range of the Young's modulus from the preliminary tests of 46 to 62 GPa could be achieved 

approximately. Furthermore, it has been possible to identify parameter sets that provide continuous 

coverage for grading the Young's modulus within these limits, as indicated by the plotted trend line. The 

averaged standard deviation of the Young's modulus amounts to ± 4.5 GPa and can be considered as high 

294



compared to the determined variation range. The process parameter sets marked in red were therefore 

selected for the further steps, since they have the lowest standard deviation compared to neighboring 

values and are almost equidistantly distributed in the entire variation range. It should be positively 

emphasized that especially for process parameter sets with lower Young's moduli (#1, #4, #6) a low 

standard deviation between ± 1.4 and 2.4 GPa could be achieved. This is necessary to reliably increase 

resilience at the critical component location and to shift stresses toward stiffer component regions. 

However, in the region of higher Young's moduli (#12, #13, #14), standard deviations between ± 4.3 and 

5.4 GPa were encountered, resulting in less reliable stiffening of the lower stressed component regions. 

 

 
Figure 5: Young's modulus from tensile tests of specimens numbered according to parameter set 

 Figure 6 illustrates the Young's moduli compared to the volumetric energy density of the process 

parameter sets. The measured Young's moduli and the corresponding process parameter sets are shown in 

table 3. The comparatively high Young's moduli of the parameter sets with lower volumetric energy 

density result from the typically high cooling rates of smaller melt baths. High cooling rates, in turn, lead 

to fine microstructures, which cause increased dislocation resistance at the grain boundaries and thus 

exhibit higher strength properties. At higher volumetric energy densities, on the other hand, the melt pools 

are more extensive and thus have larger areas of thermal influence, which lowers the cooling rates. The 

increased cooling times increase the grain size and the number of grain boundaries, thus reducing the 

dislocation resistance. An analysis of the grain growth direction or grain size to quantify the microstructure 

was not carried out. 

 
Figure 6: Young's moduli plotted against the volumetric energy density of the investigated process parameter sets 
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Table 3: Process parameter sets with the associated volume energy densities in ascending order of the measured Young's moduli 

# 
Laser power 

[W] 

Scan speed 

[mm/s] 

Hatch distance 

[mm] 

Volumetric energy density 

[J/mm³] 

Youngs Modulus 

[GPa] 

1 310 1000 0,13 79,49 48,9 ± 1,9 

2 370 1500 0,07 117,46 49,2 ± 2,6 

3 250 1000 0,13 64,10 50,7 ± 8,1 

4 310 1500 0,19 100,27 50,9 ± 2,4 

5 310 1500 0,13 52,99 53,2 ± 5,2 

6 310 1500 0,07 98,41 53,9 ± 1,4 

7 310 2000 0,13 39,74 54,0 ± 4,7 

8 310 1000 0,19 54,39 54,2 ± 8,3 

9 250 1000 0,19 43,86 55,3 ± 4,0 

10 370 1500 0,13 63,25 55,3 ± 4,1 

11 370 2000 0,07 88,10 55,9 ± 5,8 

12 370 1500 0,19 43,27 57,1 ± 5,4 

13 370 2000 0,13 47,44 58,9 ± 4,9 

14 250 1500 0,13 42,74 62,4 ± 4,3 

 

 The selected process parameter sets are now used as a basis for the grading process with their 

corresponding Young's moduli. As a further constraint, the voxel size is set to 5 mm in order to counteract 

the thermal influence range of the different process parameter sets. The selection of the voxel size has to 

take into account that a too large edge length limits the optimization space, since, related to the dimensions 

of the geometry to be graded, too few gradations can be made over the components cross-section. If the 

voxels are chosen too small, there is a possibility that the thermal influence zone of process parameters 

with high volumetric energy density will influence the microstructure of areas that are to be manufactured 

with a low energy input. This lowers the cooling rate and thus tends to raise the Young's modulus due to 

the formation of increased grain growth. A certain influence by neighboring voxels cannot be avoided and 

is even desired to a certain extent in order to create transition areas between the voxels that prevent 

stiffness steps within the component. 

 

 Figure 7 shows the results of the finite element analysis in the context of grading the specimen 

with bore. After the FE analysis of the component was performed with homogeneous material parameters, 

the mesh was iteratively refined at the highly stressed locations in the edge regions of the hole, as shown 

in Figure 7. After three iterations with graded material properties, the maximum stress occurring in the 

critical location could no longer be reduced and the grading process was terminated. The analysis shows 

that the maximum stress at the critical point could be reduced by 16%. 
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Figure 7: Results of finite element analysis on specimens with homogeneous (left) and graded (right) material properties, each voxel has 

an edge length of 5 mm as marked in red  

 

Table 4 gives an overview of the resulting grading of the specimen geometry. It can be seen that 

the highest Young's modulus has been assigned in the region of clamping. As expected, the lowest Young's 

modulus was selected in the region of maximum stress. The stress magnification at the hole is so high 

compared to surrounding areas that material 5 has not been assigned due to the grading tool's assignment 

strategy. A smaller voxel size would provide a remedy and allow a more graded assignment, since the 

average stress within a voxel is crucial for the material assignment. In contrast, however, a smaller voxel 

size would have resulted in material 6 being assigned to a smaller volume, since the highest stress occurs 

only at the outer edge of the bore, thus raising the average stress only in the outermost voxel. The choice 

of relatively large voxels ensures that the heat-affected zones of the voxels with higher volumetric energy 

densities cannot have too great an influence on the voxels with material 6. As expected, materials 2, 3 and 

4 were assigned to the remaining areas of the sample geometry according to the finite element analysis. 

 
Table 4: Assignment of the graded Young's moduli based on the results of the grading tool 

 
 

In accordance to the material allocation shown above, graded specimens are now manufactured 

and subsequently tested in the tensile test and compared with specimens manufactured with the standard 

parameter set. Figure 8 shows the results of one graded and one homogeneous specimen each in the stress-

strain diagram as representative of all tested specimens. The indicated stress σ is the technical stress, 

related to the cross-section at the critical point (24 x 10 mm²). However, due to the brittle material 

behavior, the engineering stress is almost identical to the true stress, since almost no necking occurs in the 

region before the specimen failure. For this reason, the yield strength is given as Rp0.1, which corresponds 

to a permanent deformation of 0.1% compared to the initial length. 
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Figure 8: Stress-strain diagram from tensile tests on two representative specimens with bore manufactured using homogeneous and graded 

process parameters 

 

Table 5 shows the averaged values for the characteristic points of the stress-strain curves. Eight 

homogeneous and eight graded specimens each were evaluated. The global behavior of the investigated 

specimens in the linear-elastic range is almost identical despite the different control of the manufacturing 

process, as shown both by the parallelism of the curves at the beginning in the stress-strain diagram and 

by the determined specimen-specific Young’s Moduli in table 3. The first difference between the two 

curves shown in Figure 8 appears at the end of the yield strength Rp0.1, where the graded specimen enters 

the plastic region slightly earlier. However, since the difference between the yield strengths of 

homogeneous and graded specimens is less than their standard deviation, no significant difference in the 

transition from the elastic to the plastic zone can be stated here. After small deviations of the two 

specimens at the beginning of the plastic zone, the curves converge again until the failure of the 

homogeneous specimen. On average, the graded specimens show a 5% increase in tensile strength 

compared to the homogeneous specimens. This may be due to the fact that the additive processed material 

AlSi10Mg shows a strongly brittle material behavior. When cracking starts, the weakening of the structure 

leads to abrupt failure of the component. By slightly increasing the elasticity at the critical point of the 

component, the start of the crack can be delayed slightly due to the reduced local stress and thus leads to 

an increased tensile strength. In addition to the increased tensile strength, the maximum elongation of the 

graded specimen was increased by 17%. No difference was noticeable in the fracture locations and patterns 

of the homogeneous and graded specimens. 
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Table 5: Averaged results of tensile tests on graded and homogeneous specimens with bore 

 Graded specimen Homogenious specimen 

Specimen-specific Young’s Modulus [GPa] 62.8 ± 2.5 64.1 ± 3.9 

Yield strength Rp0.1 [MPa] 232.8  ± 6.7 235.6 ± 6.6 

Tensile strength Rm [MPa] 377.6 ± 13.6 358.7 ± 12.0 

Max. strain ε [%] 1.5 ± 0.2 1,8  ± 0,2 

 

The global component behavior of the graded specimens deviates only marginally from the 

homogeneous specimens and therefore the investigated approach promises an improvement in the 

mechanical load-bearing capacity of additively manufactured components without the need to 

macroscopically adjust the geometry. Of course, the increase in tensile strength by 5% is not always in 

proportion to the effort involved, but this study shows that the performance of additively manufactured 

components can be increased in principle by influencing the manufacturing process in a targeted manner. 

 

Summary and Outlook 

 

In this work, a process window for varying the Young's modulus was first determined using a full-

factorial experimental design. For this purpose, the density of the components that could be produced with 

the 27 sets of process parameters was first determined. Tensile specimens were then fabricated and 

subtractively post-processed to determine the mechanical properties of the process parameter sets. A 

variation of the Young's modulus in the range of 48.9 ± 1.9 to 62.4 ± 8.6 GPa could be achieved. In this 

range, 6 parameter sets were selected with an equidistant distribution in between the identified limits. 

Subsequently, a plate with a bore under tensile load was selected as test geometry and analyzed via finite 

element analysis with regard to the maximum stress occurring. Using the grading tool, the test geometry 

was divided into voxels and a load-adjusted grading of the Young's modulus was applied according to the 

stresses occurring. Through the grading, a reduction of the maximum stress of 16% on the inside of the 

bore could be determined in the FE analysis. In the subsequent examination of the manufactured test 

geometry in the tensile test, the tensile strength of the graded specimens was increased by 5% compared 

to the homogeneous specimens. This is presumably due to the fact that the ductility at the critical point 

could be increased locally, which delayed the cracking of the specimen. Despite the grading of the elastic 

modulus over the entire test geometry, the global behavior in the linear-elastic region was not significantly 

influenced. Due to the increased tensile strength, the maximum elongation of the specimen could be 

increased by about 17%. 

 

 In future investigations of this approach, the effect of anisotropy as related to the build direction 

must be considered. In addition, the cooling rates for the manufacturing of a specific microstructure must 

be determined. Further adaptation of the manufacturing strategy to meet the targeted cooling rates, for 

example by pausing between the individual layers, can also increase the potential of this approach. 
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