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Abstract. In the Laser Powder Bed Fusion (LPBF) process for metal components, a CAD file is
sliced into layers with a thickness of 20-80 micrometers and the component is built up layer by
layer. For this purpose, a metal powder layer is applied in each case and melted locally. This
process is repeated until the geometry is completely established. The mechanical properties of the
manufactured part are controlled by the cooling rate. It is currently not considered in the design of
LPBF components, that the printed part has a varying heat flow into the surrounding powder and
into the support plate depending on its slenderness. As a result of the different temperature
histories, different microstructures with correspondingly different mechanical properties are
formed in the untreated state (as-built). These differences must be considered in the component
design. In this work, walls of various thicknesses were produced from 316L stainless-steel alloy
using the LPBF process. The walls could be used to create plane-strain-compression-test
specimens of various heights and orientations. The tests were performed according to Graf et al.
[1] and the flow curve was calculated from the force-displacement curve while taking friction into
account. Following that, tensile strength, Young’s modulus, yield strength, and yield stress were
determined inversely. A clear dependence of the mechanical parameters on the degree of slimness
was discovered, which was confirmed by microscopic examinations. To summarize, the plane-
strain-compression-test is a quick and reliable method for determining the local variation of
mechanical properties.

Introduction

Since its development in the 1980s, additive manufacturing has gained in importance from year to
year [2]. This results from the large variety of shapes that layer-by-layer construction makes
possible. Thus, it is possible to manufacture topology-optimized components where material is
only provided along the load paths [3]. Consequently, fewer resources are consumed for such
components and the degree of lightweight design is maximized [4]. However, the optimized
structure is often very complex and can only be manufactured with a great deal of effort or not at
all using conventional manufacturing processes, such as milling or turning [5]. Additive
manufacturing processes such as selective laser melting (SLM) are increasingly being used to
produce complex shape-optimized geometries [6].

In most cases, the topology-optimized geometry consists of thin structures that converge at the
connection points and thus lead to material accumulations. Since thicker component areas cool
more slowly than narrow ones, different cooling rates develop in the different component areas
[7]. In addition to the grain size, the cooling rate of the material determines the composition of the
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microstructure. For example, in steels, martensitic, bainitic, ferritic, pearlitic and austenitic
structures can develop [8]. In narrow areas, the cooling rate is higher, which is why a
predominantly fine-grained martensitic or bainitic microstructure with an increased tensile
strength develops [9]. In thicker areas, the cooling rate is lower, especially in the center of the
cross-section, resulting in a coarser-grained softer ferritic or pearlitic microstructure with a lower
tensile strength [10]. Furthermore, with an increased cooling rate, the average grain size decreases,
which leads to strengthening by grain refinement [11]. Thus, depending on the cross-sectional
area, a locally varying property profile develops over the component [12].

For complex components, empirical determination of the phase fractions and the resulting
properties is only possible with a great deal of effort. Therefore, these are calculated by means of
simulations. Zhang et al. determined the phase composition for Ti-6Al-4V by implementing a
phenomenological phase transformation model into conventional simulation methods for additive
manufacturing [13]. Another phenomenological microstructure model to determine the phase
composition for Ti-6Al-4V was proposed by Nitzler et al. [14]. However, simulations of the L-
PBF process to determine the phase composition take a lot of time and have no direct impact on
the optimization of the part geometry.

In order to consider the properties resulting from the LPBF process during topology
optimization, it is necessary to consider them in advance. This results in new challenges in the
modeling of the anisotropic material behavior, the development of robust optimization algorithms
and the integration of the process simulation into the structural optimization [15]. Considering the
self-weight of the intermediate structure, the process-dependent loads, and the material properties
dependent on the process time, Wang et al. provide an approach for a corresponding topology
optimization [16]. Another possibility to consider process-dependent material properties is the
description of geometry-dependent local material properties. A first step for this is the
determination of the phase composition and its coupling with the mechanical properties depending
on the slenderness of the manufactured structure.

The plane-strain-compression-test is an efficient test method for calculating the flow curve up
to large plastic strains. It is based on the theoretical principles of the work of Nadai [17] and
Orowan [18] and converted into a practical test for determining mechanical properties by Watts et
al. [19] and Sellars et al. [20]. In this experiment, two opposing punches locally compress a strip-
shaped sheet specimen. To avoid stress concentrations and consequently an early specimen failure
due to fracture, the use of punches with rounded edges is recommended [21]. However, this
increases the friction component, which must be eliminated by calculation to improve the quality
of the results. In addition to friction, shearing, i.e. the deformation of material volume to the side
of the punch, also has an influence on the measured force [22]. The ratio of punch width to
specimen height influences both the friction component and the shear component. The larger this
ratio is, the larger the friction component becomes and the smaller the shear component becomes
[23]. The aim of the work is to efficiently obtain local flow stress differences in additively
manufactured components using the plane-strain-compression-test, which is first investigated on
small LPBF manufactured cuboids.

Materials and Methods

Specimen manufacturing.

The plane-strain-compression-specimens of 3161 powder from m4p material solutions GmbH
were produced with an EOS M290 from EOS GmbH. A laser power of approx. 200 W, a scanning
speed of approx. 900 mm/s, a vector distance of 0.1 mm and a layer thickness of 0.04 mm were
used. The laser was focused to a diameter of about 0.08 mm and the LPBF-process took place
under argon atmosphere. Three narrow walls with a cross-section of 30 mm x 13 mm and a
thickness of 1 mm, 1.5 mm, 2 mm and 3 mm were produced in each case in upright (0°) and
horizontal (90°) orientation. These already have the final dimensions of the plane-strain-
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compression-specimens and are used under as-printed conditions. Furthermore, three blocks each
with the dimensions 30 mm x 13 mm x 25 mm were printed in upright and horizontal position. A
plane-strain-compression-specimen with a thickness of 1 mm, 1.5 mm, 2 mm and 3 mm was
eroded from each of these blocks by the wire EDM machine MAKINO U6 from Makino GmbH.

(Fig. 1).

90°
lying

00
standing

Fig. 1. Printed parts for the plane-strain-compression-test a) on the build plate, b) as blocks for
wire EDM and c) as walls.

Plane-strain-compression-test.

The produced specimens were tested in a compression test on a Galdabini Quasar 50 universal
testing machine with a maximum test load of 50 kN using 2.7 mm wide punches (Fig. 2). The tests
took place under room temperature and with a quasi-static strain rate of ¢ = 0.01 s~ to avoid
influences due to microstructural changes of the material.

Fig. 2: Universal testing machine GALDABINI QUASAR 50 kN and the schematic structure of
the plane-strain-compression-test.
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During the test, raw data for applied force F and the distance At traveled by the punch. To
determine the flow curve, the stress oy, ; was calculated according to equation 1 and the corrected

equivalent plastic strain ¢ according to equation 2 [24, 25].
(1)
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A, is the product of the punch width [, and the actual width of the specimen, t, the original

thickness of the specimen and At the distance traveled by the punch. The plastic strain results from
the difference between the total strain and the strain &,; until the yield stress is reached. Since this
is a comparative study, plastic flow was assumed for all specimens from an elongation of 0.02%.

Microstructure analysis.

Dynamic image analysis according to ISO 13322-2 using the CAMSIZER X2 particle analyzer
from Microtrach Retsch GmbH resulted in percentiles D10 =20 um, D50 =32 um and
D90 =46 um. The chemical composition of the powder was determined using the BRUKER
TIGER S8 fluorescence spectrometer from Bruker Corporation.

To evaluate the microstructure, the specimens were cut perpendicular to the axis of motion of
the punches and embedded in an electrically conductive resin. The specimens were then surface
ground with 240-1200 um grit sandpaper, polished with a diamond suspension, and final polished
with a <0.05 um silica solution. Samples were etched for 12 s and at a temperature of 60°C in
V2A acid solution (100 ml water, 100 ml hydrochloric acid and 10 ml nitric acid) and subsequently
analyzed using Thermo Fisher Scientific Inc.'s Phenom XL Generation 2 desktop SEM. Both BSD
detector analysis and EDX analysis were performed. For EDX analysis, three areas were examined
in each sample, from which the mean value was determined.

Results and Discussion

Chemical composition.

Since the very high temperature of over 2800°C [26] for a short time can lead to the evaporation
of individual elements and thus influence the mechanical properties, an EDX analysis was
performed on all samples over an area of approximately 0.2 mm? (Table 1). From the
measurements it can be seen that some of the main elements are lost during the LPBF process and
therefore the proportion of minor elements increases from 0.1% to up to 2.7 %. In correlation with
Fuerschbach et al., this burnup occurs particularly for the elements iron and nickel, with the
manganese content also decreasing slightly [27]. In contrast, the molybdenum content increases
by approx. 1 wt.% and the silicon content by 0.1 wt.%. The measured values are in a similar range
for all samples regardless of the orientation and the manufactured geometry, so that it can be
assumed that the determined flow curves do not vary decisively due to the chemical composition.
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Table 1. Chemical composition [wt.%] of the used 316L powder.

Alloy element Fe Cr Ni Mo Mn Si other
Powder 67.7 17.5 11.3 1.6 1.2 0.6 0.1
Block 1 0° 3 mm 65.9 17.3 10.4 2.6 0.9 0.7 2.2
Block 1 0° 1.5 mm 66.3 17.5 10.7 2.5 1.0 0.8 1.2
Block 4 90° 3 mm 66.0 17.3 10.3 2.6 0.9 0.7 2.2
Block 4 90° 1.5 mm 65.4 17.2 10.5 2.7 0.9 0.7 2.6
Wall 0° 3 mm 66.3 17.4 10.5 2.7 0.9 0.7 1.5
Wall 0° 1.5 mm 65.9 17.5 10.8 2.5 1.0 0.7 1.6
Wall 90° 3 mm 65.7 17.4 10.4 2.6 0.9 0.7 23
Wall 90° 1.5 mm 65.5 17.3 10.2 2.6 1.0 0.7 2.7

Microstructure analysis.

Fig. 3 a) shows the microstructure of the specimens prepared in different orientations and initial
geometries. To compare the grain sizes, three large grains were marked in each image. It can be
seen that the grains in the samples eroded from the blocks are larger than those of the walls. The
line intersection method was used to determine the average grain size, which was 27.0 um for
"Block 1 0°," 19.5 um for "Block 4 90°," and 18.5 um for "Wall 0°." Due to insufficient etching,
the average grain size of "Wall 90°" could not be determined. A smaller grain size leads to an
increased yield strength and improved ductility as a result of grain refinement strengthening [28].

Furthermore, it can be seen in Fig. 3 a) that the microstructure and grains of specimens
fabricated in 0° orientation are stretched in the build direction and perpendicular to the
compression direction, respectively. This results in anisotropy, with specimens fabricated in 0°
orientation having lower tensile strength than those fabricated in 90° orientation [29]. Relative to
the same specimen cross-section, the specimens printed in 90° orientation exhibit a more spherical
grain structure regarding the x-y-plane. The direction of grain growth is influenced by the heat
flux, which flows through the component to a large extent in the opposite direction of construction
[30]. Therefore, the grains of the components produced by the LPBF method exhibit elongation in
the build direction (Fig. 3 b)).

In all fabricated specimens, a cellular substructure is formed, with the dark core elements
demarcated by light edge regions (Fig. 4). According to Prashanth et al. and Zhong et al., this
substructure is formed by a local enrichment of heavy elements, such as molybdenum, due to a
high solidification rate and associated effects of constitutional undercooling [31, 32]. In addition,
the shell areas of the cells have a high dislocation density and thus increase the mechanical
properties of the printed samples [33]. Due to the layered structure, the cells pass through several
heating phases, which reduces the solidification rate, especially in areas far from the surface [30].
Therefore, larger cells are found on the surface.
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Fig. 3. Detected texture and grain sizes within SEM investigation of the a) Block 1 0°, Block 4
90°, wall 0° and 90° at a thickness of 3mm and b) stretching of the grains depending on the
orientation of the printed samples.
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Fig. 4. Cellular substructure within SEM investigation of the a) Block 1 0°, b) Block 4 90°,
c) wall 0° and d) wall 90° at a thickness of 3 mm.

Flow curves.

Finally, the qualitative difference in mechanical properties between thin and thick LPBF-
manufactured specimens is shown. For this purpose, the repeatability of the compression tests is
first presented using three flat compression specimens of equal thicknesses each made from three
blocks in 0° orientation (Fig. 5 a)) and 90° orientation (Fig. 5 b)). In the figure, the influence of
friction and shear due to the different ratio of punch width (constant) and specimen thickness (1.0,
1.5, 2, 3 mm) can be seen. The scatter increases with decreasing specimen thickness, so that the
result for 1.0 mm is not included in the evaluation.
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Fig. 5. Flow curves for specimens of thicknesses 1 mm, 1.5 mm, 2 mm and 3 mm taken
respectively from blocks printed in a) 0° orientation and b) 90° orientation.

Fig. 6 shows the results for the directly printed walls, where the orientation again gives a clear
difference in strength. However, as with the samples from the blocks, the same clear trend can be
seen. In order to be able to make qualitative statements regarding the strength change due to the
material properties exclusively on the basis of tests, the same specimen thickness from the block
is compared with the printed specimen in the following.
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Fig. 6: Flow curves for as-printed plane-strain-compression-specimens at an orientation of the
blocks of a) 0° and b) 90°.

Fig. 7 shows the flow curves for specimens with a thickness of 1.5 mm (a)) and 3 mm (b)) up
to a plastic strain of 0.7. Both specimen thicknesses show higher flow stresses of the printed walls
than the specimens of the same thickness from the blocks. The qualitative progression of the flow
curves shows small differences, which are, however, not related to the material condition, but are
rather seen in the test setup, or the specimen preparation.

The specimen printed in 0° orientation (block, Imm) shows a lower slope than the specimen
printed in 90° orientation up to a corrected plastic strain of approx. 0.25. From this value, the
curves converge again up to the corrected equivalent plastic strain of 0.7. In contrast, the Imm
thick walls diverge from a plastic deformation of 0.2. It should be mentioned again that the grain
growth of the specimen printed in 0° orientation was perpendicular to the punch width b, and in
90° orientation parallel to the punch width b,, (Fig. 3 b)).

In the flow curves determined in the plane-strain-compression-test, this behaviour agrees only
for the 1.5 mm thick walls. The flow curves of the 3 mm thick specimens from the block initially
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show minor differences and finally meet at a yield stress of approx. 1110 N/mm?. Thus, the
analysis of the yield stress as a function of the compression direction or orientation in the build
space leads to the result that no clear correlation can be identified. This result is confirmed in
particular by the 3 mm thick walls.
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Fig. 7. Calculated flow curves for plane-strain-compression-specimens with a thickness of a)
1.5 mm and b) 3 mm.

Summary

In this work, the mechanical properties of different specimen geometries produced by the LPBF
method were investigated in the plane strain compression test. The work shows that different
mechanical properties can occur in components depending on the geometry. This results in a
locally varying property profile for geometries with high complexity, which are usually produced
by the LPBF method. Based on the research, the following conclusions can be drawn:

e The chemical composition of different LPBF specimen geometries is not significantly
different.

e The grains are elongated along the build direction (for a specimen orientation of 0°
perpendicular to the punch width and for a specimen orientation of 90° parallel to the punch
width) and are larger for thick structures than for thin structures.

o The flow stress is significantly dependent on the component thickness and the orientation
in the build space. The thinner the sample is printed, the higher the yield stress becomes
compared to strips of the same thickness made from blocks. The influence of the orientation
in the build space could not be clearly correlated.

e In areas close to the surface, a more pronounced cellular substructure develops due to a
higher solidification rate, which also positively influences the mechanical performance.

e The plane-strain-compression-test is an effective test method to quickly obtain flow curves
even from thin additive manufactured specimens. Thus, it is possible to estimate the effects
of the local microstructure on the flow curve.

An industrial application is the consideration of these manufacturing-specific properties in the
topology and structure optimization of components. However, further investigations are necessary
for the practical application of the results in optimization programs. Accordingly, further
geometries are to be considered in future investigations. In addition, a more detailed investigation
of the phase composition and the resulting mechanical properties as a function of the
manufacturing geometry is necessary.
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